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CORROSION  CONTROL  IN  CIVIL  WORKS: 
CATHODIC  PROTECTION 

1 INTRODUCTION 

1.1  Background 

1.1.1  Cathodic  protection  has  been  employed  in 
corrosion  mitigation  for  more  than  a century  and  a 
halt.  Consequently,  a large  amount  of  cathodic  pro- 
tection knowledge,  such  as  design  data  and  case  his- 
toric1. is  available.  Most  of  this  information,  how- 
ever. concerns  corrosion  mitigation  of  systems  com- 
mon to  the  industrial  community  and  has  limited 
application  to  the  somewhat  unique  corrosion  prob- 
lems encountered  in  Corps  of  Engineers  civil  works 
systems  such  as  hydraulic  structures.  In  addition, 
recent  developments  in  solid-state  electronics  have 
brought  about  a new  generation  of  cathodic  protec- 
tion equipment:  the  small  amount  of  design  infor- 
mation available  on  this  equipment  is  provided  by 
the  manufacturers. 

1.1.2  I bis  investigation  addresses  these  informa- 
tion needs  by  combining  relevant  corrosion  princi- 
ples with  current  cathodic  protection  procedures  and 
hardware  to  provide  design  guidance  specifically  for 
C orps  systems  and  bv  evaluating  some  of  the  new 
cathodic  protection  equipment  available. 

1.2  Objective.  The  objectives  of  this  study  are: 

(1)  to  design  and  conduct  basic  electrochemical  ex- 
periments relevant  to  corrosion  mitigation  of  Corps 
hydraulic  structures  in  order  to  provide  a rationale 
for  the  design,  modification,  and  evaluation  of  cath- 
odic protection  systems  for  maximum  effectiveness, 

(2)  to  examine  the  characteristics  and  capabilities  of 
existing  cathodic  protection  hardware  and  deter- 
mine applicability,  and  (.1)  to  develop  cathodic  pro- 
tection guidelines  for  systems  prevalent  in  Corps  of 
Engineers  civil  w orks  operations. 

1.3  Approach 

1.3.1  T he  physical  and  chemical  principles  of  cor- 
rosion and  corrosion  control  were  reviewed  for  appli- 
cation to  Corps  civil  works  operations  (Chapter  2). 
E xperiments  were  conducted  to  relate  the  theoretical 
cathodic  protection  criterion  to  field  conditions  (Ap- 
pendix A).  I hesc  experiments  were  designed  to  pro- 
vide information  on  several  areas  for  which  data  are 
lacking  the  effects  of  environment  and  time  on 


corrosion  potential  and  current  decay,  the  effects  ol 
protection  current  on  weight  loss,  and  the  effects  of 
area  exposed  on  current. 

1.3.2  Anode  requirements  were  investigated  using 
electric  field  concepts  and  electric  circuit  techniques, 
when  required  (Appendix  B).  This  approach  pro- 
vided a more  basic  comprehension  of  cathodic  pro- 
tection anode  requirements  in  real  situations  involv- 
ing complex  structural  geometry  and  avoided  the  ex- 
cessive and  simplistic  empiricism  sometimes  in- 
volved in  "lumped-constant"  circuit  design. 

1.3.3  The  relevant  corrosion  principles  and  results 
of  the  above  investigations  were  combined  for  appli 
cation  to  field  design  problems  encountered  in  Corps 
civil  w orks  operations  (Chapter  3). 

1.3.4  Rectifiers  for  impressed-current  cathodic  pro- 
tection systems  that  incorporate  feedback  control  to 
maintain  constant  voltage  or  current  have  recently 
become  commercially  available.  The  operational 
characteristics  of  these  rectifiers  and  factors  involved 
in  their  use  were  evaluated  (Chapter  4). 

1.4  Mode  of  Technology  Transfer.  This  study 
will  impact  Corps  of  Engineers  Guide  Specification 
CF.  1508'  and  Technical  Manual  ( I'M)  5-81 1 -43 

GENERAL  ELECTROCHEMICAL 
_ PRINCIPLES  FOR  CATHODIC 
2 PROTECTION  DESIGN 

2.1  Principles  of  Corrosion 

2.1.1  Corrosion,  as  considered  in  this  study,  is  the 
deterioration  of  a metal  or  alloy  by  electrochemical 
reaction  w ith  its  environment.  Basically,  two  electro- 
chemical reactions  occur: 

a.  Dissolution  of  metal:  base  mrlul  la  mcial  i<m\ 
plus  free  electrons.  In  chemical  notation  this  is 

M — M + n + ne  |Eq  I ] 

w here  M = the  base  metal 

n = an  integer  determined  by  the  particular 
metal  (valence) 
e = an  electron. 

'Cathodic  Protection  System  for  lock  Miter  (iah\.  ( I*  I50S 
(Olllce  of  the  Chief  of  Hnginccrv  1%"^). 

I ni’ineerinH  and  Design  Corrosion  Control  I'M  > HI  I A 
(Ovpanmenl  »*1  tin*  Arrm.  I August  I'M*?) 


h.  Evolution  ot  hydrogen  gas.  /t  vc/rogeu  ions  plus 
/roe  e/eefron.s  to  hydrogen  gas.  In  chemical  notation 
this  is 


2H*  + 2e  — Hj  I Hc|  2 1 

As  Eqs  1 and  2 indicate,  the  negative  electrons  front 
the  metal  combine  ssith  positive  ions  from  a conduc- 
tive (electrolytic)  solution  at  a rate  dependent  on  the 
piiiciiiiul  between  the  metal  and  the  solution. 

2.1.2  I he  reaction  between  Indrochloric  acid  and 
/inc  illustrates  the  elect mehemical  nature  of  corro- 
sion. When  /inc  ts  immersed  in  diluted  Indrochloric 
acid,  a vigorous  reaction  occurs  hydrogen  gas  leaves 
the  /inc  surface,  and  /inc  ions  enter  the  solution. 
Since  the  hydrochloric  acid  dissociates  in  aqueous 
solution  into  hydrogen  and  chloride  ions  (H'  and 
Cl  ) and  the  chloride  ions  are  not  involved  in  the  re- 
action. the  overall  reaction  is 


Figure  1.  Electrochemical  reactions  during  corrosion 
ot  /inc  in  air-free  hydrochloric  acid. 

2.1.5  All  metals,  as  well  as  some  nonmetals,  cor- 
rode similarly.  Hydrochloric  acid  corrodes  iron  and 
aluminum  in  addition  to  /inc.  The  anodic  reactions 
for  these  inetals  are: 


Zn  + 2H-  - Zn,J  + H,  (Eq  3) 


Fe  - Fe"  + 2e  [Eqb[ 


2.1.3  When  /inc  is  placed  in  the  acid,  some  hydro- 
gen ions  adjacent  to  it  are  adsorbed  onto  the  zinc’s 
surface,  t he  adsorbed  hydrogen  ions  tend  to  take 
electrons  from  the  metal  and  become  neutralized 
hydrogen  atoms,  while  the  /inc  surface  atoms  adja- 
cent to  the  electrolyte  tend  to  release  two  electrons 
and  go  into  solution  as  /inc  ions  (Zn'-').  Two  hydro- 
gen atoms  combine  to  form  a hydrogen  molecule 
(Hj).  which  then  combines  with  other  hydrogen 
molecules  and  evolves  from  the  zinc  surface  as  a hy- 
drogen bubble.  The  electrons  released  by  the  zinc 
travel  through  the  metal  to  other  surface  sites  where 
they  are  consumed  by  hydrogen  ions,  as  shown  in 
Figure  I.  Eq  .1  can  be  conveniently  divided  into  two 
partial  reactions: 


Anodic 

Zn  - Zn"  + 2c 

1 Eq  4 1 

Cathodic 

2H’  + 2c  - Hi 

[Eq  5J 

A!  — Al41  + 3e  [Eq"7! 

The  cathodic  reaction  for  hydrochloric  acid  is  alw  ays 
that  shown  in  Eq  5. 

2.1.6  When  metals  like  zinc,  aluminum,  and  iron 
corrode  in  other  acids,  such  as  sulfuric,  phosphoric, 
hydrofluoric,  formic,  and  acetic  acids,  they  behave 
just  as  they  do  in  hydrochloric  acid.  In  each  case, 
only  the  hydrogen  ion  is  active.  The  other  anions, 
such  as  sulfate  and  phosphate,  usually  do  not  par- 
ticipate in  the  corrosion  reaction,  although  they  mav 
react  w ith  the  dissolved  metallic  ions  to  form  solid 
precipitates  (e.g.,  iron  phosphate)  on  the  metal  sur- 
face. 

2.1.7  In  addition  to  the  hydrogen  ion.  several  other 
chemical  species  in  an  electrolyte  (e.g..  oxygen,  ferric- 
ion  (Fe*1),  cupric  ion  (Cu"l)  can  participate  in  elec- 
tron-consuming cathodic  reactions.  The  common 
cathodic  reactions  are: 


2.1.4  I hc  zinc  dissolution  is  an  anodic  or  oxidation 
reaction,  as  it  releases  electrons.  The  neutralization 
ot  hydrogen  ions  is  called  a cathodic  or  reduction  re- 
action because  it  consumes  electrons.  Neither  the 
anodic  nor  the  cathodic  reactions  occur  at  definite 
locations.  The  cathodic  reaction  site  mav  be  am 
distance  from  the  anodic  dissolution  site 


a.  Hydrogen  evolution 

2H'  + 2e  — H2  [Eq  5| 

b.  Oxygen  reduction  (acid  solution) 

O,  + 4H-  + 4e  — 211,0  |EqK| 


10 


c.  Oxygen  reduction  (neutral  or  basic  solutions) 


ticipate  in  the  reaction.  The  overall  reaction,  ob 
tabled  by  adding  Hqs  b and  d.  is 


O;  + 2HjO  + 4e  — 40H  |Hql>| 

d.  Metal  ion  reduction 

M*2+e-M*  |Eq  l<)| 

(e.g.,  Cu*2  -re  — Cu* 
or  Fe*J  + e - F*2) 

e.  Metal  deposition 

M’  + e - M [Eq  1 1 1 

2.1.8  Because  acids  or  acidic  media  are  common, 
hydrogen  evolution  is  a frequent  cathodic  reaction. 
Oxvgen  reduction  is  also  very  common,  since  many 
aqueous  solutions  in  contact  with  air  contain  some 
dissolved  oxygen  molecules  capable  of  providing  this 
reaction.  Metal-ion  reduction  and  metal  deposition 
are  less  common  reactions  that  are  usually  found  in 
chemical  process  streams.  Metal-ion  reduction 
occurs  in  solutions  that  arc  contaminated  with 
metallic  ions  having  two  or  more  possible  ionic  states 
(e.g.,  Cu*  or  C'u*2  and  Fc*2  or  Fe*’).  Metal  ions  in 
solution  tend  to  take  up  electrons  and  deposit  on  the 
metal  electrode  surface. 

2.1.9  More  than  one  anodic  and  one  cathodic  re- 
action may  occur  during  corrosion.  When  an  alloy 
corrodes,  its  component  metals  go  into  solution  as 
ions.  If  more  than  one  cathodic  reaction  occurs,  the 
rate  ol  anodic  dissolution  of  the  metal  equals  the 
sum  of  all  cathodic  reactions.  Thus,  acid  solutions 
containing  dissolved  oxygen  arc  more  corrosive  than 
air-free  acids. 

2.1.10  The  concept  of  partial  reactions  can  be  used 
to  interpret  virtually  all  corrosion  problems.  When 
iron,  in  the  form  of  a steel  pier  piling  or  a dam  gate, 
is  immersed  in  freshwater  or  seawater  exposed  to  the 
atmosphere,  the  anodic  reaction  is: 

Fe  - Fe*2  + 2e  |Eqb| 

Oxygen  reduction  is  the  main  cathodic  reaction: 

O,  + 2H,0  + 4e  - 40H  |Hq‘)| 

Since  freshwater  and  seawater  are  nearly  neutral,  the 
sodium  and  chloride  ions  (Na*  and  Cl  ) do  not  par 


2Fc  + 2H;0  + Ot  - 2Fe"  + 40H 


2Fe  (OH  h I 
ICq  I2| 


I he  ferrous  ion  and  hydroxide  ion  may  combine  to 
form  insoluble  ferrous  hydroxide  (Fe(OH),)  it  the 
ionic  concentrations  exceed  certain  limits.  Ferrous 
hydroxide  is  not  stable,  however,  it  reacts  with  oxy- 
gen or  water  molecules  to  form  ferric  hydroxide: 


2Fc(OHh  + H20  +1  2 0;—  2FetOH),l  |Eq  l.f| 


The  final  product  is  thus  the  familiar  brown  rust  or 
ferric  hydroxide. 


2.1.11  If  the  dissolved  oxygen  in  the  water  is  elimi- 
nated. the  corrosion  rate  of  iron  drops  sharply.  This 
result  is  logical,  since  oxygen  reduction  is  the  main 
cathodic  reaction.  Coating  the  iron  or  steel  surface 
with  paint  or  some  other  nonconducting  film  can  re- 
duce the  rates  of  both  anodic  and  cathodic  reactions 
and  thus  retard  corrosion.  Similarly,  corrosion  in- 
hibitors added  to  the  electrolyte  form  a surface  layer 
which  interferes  with  either  or  both  of  the  anodic 
and  cathodic  reactions.  In  cathodic  protection,  ex- 
ternal electrical  devices  “pump"  the  electrons  re- 
quired for  the  cathodic  reaction  to  the  metal  surface. 
Consequently,  iron  dissolution,  which  also  releases 
electrons  to  the  metal  surface,  is  greatly  reduced  by 
the  counterflow  of  electrons  that  this  external  volt- 
age supplies. 

2.2  Principles  of  Cathodic  Protection 

2.2.1  The  discussion  of  electrochemical  reactions 
and  corrosion  cells  has  thus  far  dealt  primarily  with 
isolated  corrosion  cells  and  the  nature  of  electro 
chemical  reactions.  I he  fundamental  principle  ot 
cathodic  protection  is  the  application  of  a counter 
potential  to  prevent  the  electrochemical  interchange 
which  occurs  in  corrosion.  In  cathodic  protection 
practice,  the  metal  to  be  protected  is  made  negative 
(cathodic)  with  respect  to  a “protecting"  electrode 
(anode).  This  externally  applied  electric  current  can 
be  supplied  in  two  ways:  by  an  external  power  source 
(impressed  current)  or  by  a metal  that  is  more  elec- 
trochemieally  positive  than  the  protected  metal 
(sacrificial  anode).  Although  the  examples  below 
consider  only  a single  cell,  the  surface  of  a sub- 
merged piece  of  steel  (or  any  other  metal)  consists  of 
many  such  cells,  w hich  may  be  microscopic  in  si/c. 


2.2.2  Because  the  current  !lo\v  between  anode  and 
cathode  causes  polarization,  the  potential  difference 
(driving  force)  between  the  two  electrodes  is  invaria- 
bly less  than  the  open-circuit  potential  with  no  net 
current  flowing  across  the  elcetrode-cleelrolvte  inter- 
lace. f igure  2 shows  how  potential  varies  with  cur- 
rent density.  As  a net  current  flows,  the  potential  of 
the  anode  becomes  more  noble  (positive),  and  the 
potential  of  the  cathode  becomes  more  active  (nega- 
tive). I he  potential  difference  between  the  two  etfec- 
tivelv  decreases  as  greater  amounts  of  current  llow 
through  the  cell.  I he  magnitude  of  polarization  hlil 
ference  in  potential  for  an  electrode  passing  a net 
current  compared  to  that  for  a state  of  no  net  cur 
rent)  principally  depends  on  current  density  or  cur 
rent  per  unit  electrode  area.  If  the  corrosion  cell 
circuit  contains  metallic  electrodes  and  an  electro- 
lyte of  high  conductivity,  and  if  no  high  resistance 
reaction  produces  films  on  the  metal  surfaces,  then 
electrical  resistance  is  minimal,  and  anode  and  cath- 
ode potentials  achieve  very  nearly  the  same  value. 

I his  situation  often  occurs  with  iron  or  steel  in  sea- 
water, which  has  high  conductivity.  In  a high-resist- 
ance electrolyte,  such  as  a freshwater  low  in  chlo- 
rides. a potential  difference  between  anode  and  cath- 
ode is  maintained.  Figures  A and  4 illustrate  poten- 
tial variation  in  low-  and  high-resistance  eleetrolvtes. 

2.2.3  Cathodic  protection  essentially  introduces  a 
direct  current  from  an  outside  source  that  alters 
polarization  and  reduces  or  halts  current  flow  from 
the  metal  into  the  electrolyte  at  the  anodic  sites. 
Introducing  this  current  requires  a modification  of 
the  circuitry  of  the  electrochemical  or  corrosion  cell. 
One  tv  pc  of  modification,  which  is  called  impressed- 
current  cathodic  protection  (Figure  S).  involves  elec- 
tric.tllv  coupling  a submerged,  corroding  metal 
structure  or  component,  which  consists  of  many 
microclectrodes  or  "local  action  cells."  to  the  nega- 
tive terminal  of  a de  power  supply  or  rectifier  and 
bonding  the  positive  terminal  to  an  auxiliary  piece  of 
submerged  metal.  This  auxiliary  metal  is  commonly 
termed  an  impressed-current  anode. 

2.2.4  Although  am  conducting  solid  can  illustrate 
basic  cathodic-protection  theory,  in  practice  the 
chemical  makeup  of  the  anode  material  determines 
the  efficiency  of  the  protection  system.  An  anode 
material  naturally  positive  to  the  structure  that  re- 
quires protection  will  produce  the  same  result  as  a dc 
power  source  and  anode  system;  i.e..  it  will  supply 
current  through  the  electrolyte  to  the  metal  struc- 
ture. I 'sc  of  a naturally  positive  anode  material 


(Figure  b)  is  called  sacrificial-anode  cathodic  protec- 
tion. 

2.2.5  In  both  impressed-current  and  sacrificial 
anode  protection  systems,  positive  current  flows 
through  the  electrolyte  to  the  structure  to  be  pro- 
tected. I lus  metal  structure  thus  becomes  the  cath 
ixlc  in  a galvanic  couple:  It  is  polarized  cathodicallv 
(negatively),  and  its  corrosion  rate  is  reduced. 

2.2.6  Appendix  C provides  additional  details  on 
polarization  by  cathodic  protection. 


APPLICATION  OF  CATHODIC 
_ PROTECTION  PRINCIPLES 
O TO  SYSTEM  DESIGN 


3.1  Introduction.  This  chapter  presents  guidelines 
for  applying  the  principles  of  cathodic  protection 
described  in  Chapter  2 and  the  results  of  the  studies 
presented  in  Appendices  A and  B to  field  design 
problems  encountered  in  Corps  civil  works  oper- 
ations. 

3.2  Resistivity 


3.2.1  The  electrolyte's  rcsistivitv  largely  determines 
which  anodes  to  use.  Anode-alloy  chemistry  and 
installation  procedures  are  important  in  both  higli- 
and  low -resistivity  electrolytes.  Table  1 indicates 
what  levels  of  resistivity  are  classified  as  low.  moder- 
ate, and  high. 

Table  1 

Classification  of  electrolyte  Resistivity 
Resistivity  (ohm-cml  Classification 


Belovs  2,500 
2.500  n>7.50(l 
-.500  to  10.000 
Above  10.000 


V erv  loss 
Low 

Moderate 

IVoeresMuU  higher 


3.2.2  High-resistivity  electrolytes  generally  require 
an  impressed  current  system  employing  anode  ma- 
terials like  duriron.  graphite,  sir  a nobler  metal.  It 
anode  selection  is  properly  based  on  the  environ- 
ment. such  impressed-current  anodes  will  have  a 
longer  life  than  galvanic  anodes.  In  low -rcsistivitv 
electrolytes,  galvanic  amnios  such  as  aluminum, 
zinc,  and  magnesium  are  often  more  economical. 


3.2.3  I he  limited  driving  voltage  of  gab  attic  anodes 
can  produce  only  a small  amount  of  current  in  high- 
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Figure  3.  Variation  of  potential  in  a low-resistance 
electrolyte. 

resistivity  electrolytes,  so  these  anodes  are  generally 
used  only  in  salts  and  brackish  water.  Magnesium 
anodes,  which  have  more  negative  corrosion  poten- 
tial than  aluminum  or  zinc,  have  been  used  in  fresh- 
water. bn!  the  large  number  of  anodes  needed  to 
produce  the  required  current  in  this  situation  may 
cause  high  installation  costs. 

3.2.4  An  advantage  of  using  galvanic  anodes  in 
high  resistivity  electrolytes  is  that  they  present  little 
danger  of  overprotection  (creation  of  a structure 
potential  which  is  too  negative).  Potential  changes  of 
steel  structures  in  freshwaters,  as  effected  by  gal- 
vanic anodes,  rarely  exceed  —0.90  V with  respect  to 
a copper-copper  sulfate  reference  electrode.  A prac- 
tical example  is  the  use  of  magnesium  on  intake 
gates  m the  Columbia  and  Missouri  Rivers.  These 
gates  are  set  in  slots  in  concrete  and  have  stainless 
steel  rollers  on  each  end.  Excessive  current  on  the 
rollers  front  overprotection  might  cause  hydrogen 
embrittlement,  and  stray  current  might  damage  the 
concrete. 

3.2.5  Galvanic  anodes  are  more  practical  than 
impresscd-current  amxles  for  high-resistivity  electro- 
lytes when  a rectifier  system  will  not  be  properly 
maintained,  either  because  of  inaccessibility  or  envi- 
ronmental exigencies.  Where  power  is  not  available 
lor  a rectifier  system,  galvanic  anodes  may  be  the 
only  alternative. 

3.2.6  On  the  other  hand,  although  galvanic  anodes 
are  quite  efficient  for  low -resistivity  electrolytes  and 


Figure  4.  Variation  of  potential  in  a high-resistance 
electrolyte. 

are  generally  easy  to  install  and  maintain,  a rectifier 
system  mav  sometimes  be  more  economical. 

3.3  Structural  Configuration  and  Operation. 

The  follow  ing  examples  illustrate  the  influence  of  a 
structure's  configuration  and  operation  on  the  de- 
sign of  a cathodic  protection  system. 

3.3.1  Vertically  Framed  M iter  Gate 

3. 3.1.1  A vertically  framed  miter  gate  with  buckle 
plates  located  between  vertical  girders  (Figure  7) 
protects  anodes  from  mechanical  damage.  Using 
local  anodes  in  compartments  rather  than  remote 
anodes  avoids  damage  from  floating  debris  and  ice. 
A disadvantage  of  local  anodes  is  that  the  girders 
shield  the  current,  necessitating  placing  an  anode  in 
each  compartment;  this  shielding  effect  almost  never 
occurs  on  the  skin  plate  side  of  the  gate.  If  such  a 
structure  is  adequately  painted,  some  current  will 
travel  front  the  anode  in  one  compartment  to  a 
neighboring  structure  surface.  Excessive  voltage 
must  generally  be  applied  to  the  anode  to  sufficiently 
polarize  the  structure  surface  that  the  anode  cannot 
"see."  Because  the  structure  immediately  adjacent 
to  the  external  anode  may  then  be  significantly  over- 
protected.  hydrogen  gas  may  evolve  there,  thus 
"blistering"  the  coating. 

3. 3.1. 2 The  usual  practical  maximum  voltage 
measured  with  a copper-copper  sulfate  half-cell  is 
taken  as  2 V. 
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Figure  7.  Location  of  sausage- type  graphite  anodes  in  miter  gate  at  Port  Allen  Lock.  LA.  F.ight  vertical  columns 
of  anode  strings  are  required  to  distribute  the  current  in  compartments. 


3. 3. 1.3  Cathodic  protection  design  must  also  con- 
sider the  water  level  in  the  lock  chamber.  Once  a 
protective  calcareous  deposit  forms,  a properly  de- 
signed system  performs  well  regardless  of  water 
height:  this  film  protects  the  wet  surface  that  ex- 
tends above  the  air-water  interface  as  the  water  level 
decreases.  That  portion  of  the  structure's  surface 
still  submerged  is  not  overprotected  because  of  the 
increased  resistance  in  the  cathodic-protection  cir 
cuit.  I his  increased  resistance  can  arise  from  a re- 
duced water  cross  section;  more  importantly,  how 
ever,  the  number  of  anodes  in  the  system  is  reduced, 
because  the  anodes  at  the  top  ot  the  gate  no  longer 
contact  the  electrolvte. 


therefore  used  to  support  and  protect  the  anodes  on 
a structure;  the  timber  should,  of  course,  be  suitable 
for  submersion.  / shaped  clip  angles  about  -4  in. 
(lOl.b  mm)  long,  which  are  welded  at  intervals  along 
each  side,  can  be  used  to  fasten  the  timber  to  the 
skin  plate.  Nails,  bolts,  screws,  or  other  metallic 
fasteners  not  bonded  to  the  structure  cannot  be  used 
because  they  will  collect  cut  rent  at  one  end  and  dts 
charge  it  from  the  other,  thereby  causing  rapid  strav 
current  corrosion.  Positioning  the  clip  angles  onK  at 
the  scabs  partly  shields  them  from  the  current  blast 
cleaning  and  subsequent  coating  of  angles  with  (> 
mils  (0.15  mml  ot  vinyl  paint  (V  t()X  in  Corps  ot 
l-ngineers  Guide  Specification  I4(W)  prevents  excess 
current  from  draining  front  the  anode  at  the  angles. 
It  such  current  drain  were  to  occur,  rapid  pitting 
would  result 


3.3.2  l/nri:nnnill\  /• ranti  il  Mitrrdati 


3.3. 2.1  Anodes  can  be  attached  to  the  skin  plate  ot 
horizontally  trained  miter  .ales  and  sector  gates  on 
either  the  upstream  or  downstream  sates,  as  shown 
in  Figures  X and  '•  '.rich  .modes  are  vulnerable  to 
mechanical  damage,  grooved,  wood  timbers  are 


3. 3. 2. 2 there  are  six  anodes  on  the  skin  side  ot 
each  leal  ot  the  miter  gate,  as  shown  in  Figure  X. 
I lus  number  uniformly  distributes  current  on  the 
gate  surface.  I sing  lewer  anodes,  c.g..  lour  on  each 


Figure  8.  Location  of  sausage-type  graphite  anodes  on  skin-plate  side  of  miter-gate  leaf  of  Port  Allen  Lock,  LA 
Six  columns  of  string  anodes  are  required  to  distribute  the  current. 


Figure  9.  Location  of  anodes  on  skin  side  of  sector  gate  of  Algiers  Lock.  LA.  Two  columns  of  sausage  anodes  arc 


LA.  Two  sausage-tvpe  graphite  anodes  can  be  seen  in 


k Close-up  of  hut  toil  anodes.  Slight  blistering  caused  In  overprotection  can  be  seen. 


Figure  14.  I sc  ol  button  a nixies  on  outside  >1  gates 

:>u 


b.  Close-up  of  junction  sealed  watertight. 


Figure  15.  Use  of  button  anodes  in  compartments 
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leaf,  would  require  more  concentrated  current 
around  each  of  the  anodes.  This  distribution,  in 
turn,  would  increase  the  necessary  driving  voltage. 
Also,  the  higher  current  density  front  four  anodes 
might  blister  the  paint  on  the  adjacent  steel.  It  the 
coating  were  a thick,  hot-applied  coal  tar.  reducing 
the  number  of  anodes  to  four  per  leaf  would  prob- 
ably produce  minimal  adverse  effects. 

3. 3. 2. 3 Sausage-tvpe  graphite  anodes  have  pro- 
vided adequate  service  in  the  New  Orleans  District 
on  lock  gates  such  as  those  shown  in  Figures  7 and 
K.  These  figures  show  the  location  of  the  anodes  on 
the  compartment  side  as  well  as  on  the  skin  side  of 
the  miter  gate:  in  cold  climates,  consideration  must 
be  given  to  ice  build-up.  Figure  10  shows  a close-up 
of  the  anode  column.  Figure  I I shows  the  skin  side 
of  a sector  gate  whose  anode  has  been  damaged  by 
floating  timber  or  careless  boat  operation.  The  in- 
side of  the  sector  gate  can  also  be  protected  by  the 
same  type  of  anodes  or  galvanic  anodes,  as  shown  in 
Figure  12.  These  anodes  can  be  conveniently  re- 
placed. for  they  can  be  fished  out  even  if  they  fall 
into  the  water.  New  anodes  can  be  spliced,  as  Figure 
1 3 show  s. 

3. 3. 2. 4 Button- type  anodes  can  also  be  used  to  dis- 
tribute  the  current  uniformly  outside  (Figure  14)  or 
in  the  compartments  (Figure  15).  All  connections 
and  joints  must  be  properly  sealed  by  a compound. 

3. 3.2. 5 Lock  miter  gates,  such  as  those  shown  in 
the  figures,  are  an  excellent  example  of  appropriate 
use  of  cathodic  protection  because  the  submerged 
surfaces  are  accessible  only  by  costly  dewatering. 

3.3.3  hiinlcr  Gulfs 

3. 3. 3.1  fainter  gates  with  skin  plate  on  both  the 
upstream  and  dow  nstream  sides  are  another  exam- 
ple of  how  a structure's  configuration  affects  design. 
Because  these  surfaces  curve  vertically,  attaching 
a mules  horizontally  on  the  gate  is  necessary.  The 
electrical  connection  to  the  center  of  each  anode  can 
be  made  by  passing  cable  through  a hole  drilled  in 
the  skin  plate  of  the  gate  and  through  the  timber 
support. 

3. 3. 3. 2 Because  drift,  ice.  and  extreme  water  turbu- 
lence on  the  downstream  side  would  damage  the 
inode\  Listened  there,  cathodic  protection  is  im- 
practicable lor  this  face.  Moreover,  the  amount  ot 


current  required  to  polarize  steel  in  this  turbulent 
water  would  be  excessive. 

3.3.3. 3 The  interior  surfaces  of  the  eompartmented 
gate  (Figure  12)  are  below  water,  and  are  easily  pro- 
tected cathodically  because  the  current  cannot  stray 
and  the  anodes  are  protected.  Placing  one  horizontal 
anode  in  the  center  of  each  of  the  two  lower  compart- 
ments can  provide  sufficient  protection  for  well- 
painted  surfaces.  Neoprene  hose  can  be  used  to  insu- 
late the  anode  from  the  steel  cross  bracing. 

3. 3. 3. 4 I hc  electrical  cables  attached  to  the  anodes 
pass  through  manholes  inside  the  gate,  proceed  to 
the  top  compartment  (which  is  always  dry),  go  out 
one  end  along  the  pivot  arm  of  the  gate  to  the  hinge 
point,  and  return  along  the  concrete  pier  to  the  recti- 
fier. Protecting  the  inside  of  tainter  gates  by  im- 
pressed-current  cathodic  protection  is  unrealistic, 
because  the  numerous  sharp  edges  and  corners  of 
structural  members  may  damage  the  electrical  leads 
during  operation,  \bout  one-third  ol  these  interior 
surfaces  or  20  percent  of  the  entire  surface  is  sub- 
merged. The  unsubmerged  upper  two-thirds  cannot 
be  cathodically  protected,  and  painting  is  the  onlv 
applicable  technique  here. 

3. 3. 3. 5 The  submerged  surfaces  are.  however,  diffi- 
cult to  repaint  because  removing  mud  and  debris  is 
eostlv  and  little  space  is  available  for  workmen.  If 
the  lower  compartments'  coating  lasted  as  long  as 
the  upper  compartments',  access  would  be  necessary 
only  every  30  years,  t he  underwater  coating  will  last 
15  years  by  itself  and  30  years  if  supplemented  by 
cathodic  protection.  A 2-in.  (50.8  mm)  diameter 
magnesium  rod.  supported  on  the  cross  bracing  that 
runs  the  length  of  each  underwater  compartment 
and  fastened  with  U-bolts.  will  last  about  15  years 
and  supply  enough  current  to  protect  the  surface.  In 
lower  resistivity  w aters,  larger  anodes  are  required  to 
obtain  this  same  15-vear  life.  Poorly  painted  sur- 
faces. which  require  greater  current,  demand  two 
rods  or  slab  anodes  * There  are  no  cable  problems 
with  magnesium  anodes,  which  are  easy  to  install 
and  maintain. 

3.4  Accessibility 

3.4.1  The  sector  gates  in  brackish  water  on  the 
Brazos  River  in  the  North  Pacific  Division  illustrate 

*Rctcr  to  section  * 5 tor  typical  current  dcnsits  requirements, 
tlic  ivpe  ot  anoile  needed  to  obtain  the  required  current  densities 
is  based  on  the  manufacturer's  data 


how  accessibility  of  anodes  affects  cathodic  protec- 
tion design.  These  lock  gates,  which  prevent  salt 
water  from  intruding,  have  a differential  of  only 
about  I ft  (0.3  ml.  The  gate  surfaces  are  inaccessible 
except  In  construction  of  cofferdams  and  a tempo- 
rary canal  around  the  lock,  which  is  a very  costly 
undertaking.  I he  waters  here  are  highly  corrosive, 
and  the  best  coatings  last  only  about  7 years.  In  this 
tvpe  of  situation,  cathodic  protection  is  necessary.  A 
galvanic  system  with  large  east-magnesium  anodes 
was  chosen  for  this  situation.  Attaching  impressed- 
current  anodes  and  insulating  them  from  the  struc- 
ture would  be  eosllv.  but  galvanic  anodes  can  be 
suspended  in  the  water  from  the  top  ol  the  gate. 
Another  example  of  galvanic  protection  is  the  pro- 
tection ol  tide  gates  in  the  Savannah  District  I Fig- 
ures lb  and  I 7). 

3.4.2  Accessibility  is  seldom  if  ever  a problem  on 
new  construction,  but  the  designer  must  remember 
that  anodes  generally  will  require  replacement.  In- 
deed. the  choice  of  a cathodic-protection  system 
must  consider  not  only  initial  cost,  but  subsequent 
maintenance  costs. 

3.5  Type  and  Condition  of  Protective  Coating 

3.5.1  Proper  amounts  of  cathodic  protection  cur- 
rent will  not  damage  underwater  coatings  such  as 
vinvl.  coal  tar.  and  phenolic.  Polarization  of  painted 
surfaces  should  not  exceed  about  —1.2  V with  re- 
spect to  a copper-copper  sulfate  reference  electrode, 
although  high  quality  coatings  can  hold  up  at  some- 
what more  negative  voltages. 

3.5.2  The  best  deterrent  to  corrosion  in  open  waters 
is  a protective  coating  in  conjunction  with  cathodic 
protection.  All  coatings  tend  to  corrode  at  holidays, 
and  cathodic  protection  currents  are  intended  to 
prevent  gradual  development  of  rust  under  the  paint 
and  consequent  enlargement  of  the  holidays.  While 
bare  steel  in  freshwater  requires  about  2 mA  sq  ft 
(21.5  mA  mJ).  newly  painted  surfaces  may  require 
much  less  current.  The  amount  of  current  needed 
depends  on  the  number  of  holidays  in  the  coating 
and  on  whether  sharp  edges  are  well-coated.  For 
example,  on  taintcr  gates  newly  painted  w ith  vinyl, 
0.5  mA  sq  ft  < 5.4  mA  in')  has  been  required  for 
polarization,  although  some  of  this  current  may  have 
strayed  and  thus  not  contributed  to  cathodic  protec- 
tion. For  installations  where  current  could  not  stray, 
newly  painted  gates  have  been  polarized  with  0.1 
mA  sq  ft  (1.1  m A m').  Because  a paint  film  gradu- 


ally suffers  mechanical  damage  (vinyl  and  coal-tar 
coatings  underwater  do  not  deteriorate  chemically 
as  they  age),  enough  capacity  should  be  incorpo- 
rated in  the  cathodic-protection  design  to  supply  the 
added  current  needed  as  the  coaling  deteriorates 
after  damage.  Because  the  cost  differential  in  recti 
tiers  is  small  relative  to  the  overall  cathodic  protci 
lion  cost,  it  is  advisable  to  size  the  rectifier  unit  three 
to  four  times  greater  than  the  minimum  required  to 
provide  reserve  capacity  and  possible  explosion  o! 
the  cathodic  protection  system. 

3.5.3  Even  a relatively  poor  paint  coating  can 
greatlv  improve  current  distribution  The  exterior 
surface  of  one  roller  gate,  for  example,  was  eathodi 
calls  protected  18  years  after  a phenolic  coating  was 
applied.  The  coating  was  estimated  to  be  effective  on 
only  about  50  percent  of  the  upstream  gate's  surface. 
Bare  surface  regions  were  rusted,  so  the  entire  gate 
appeared  urgently  in  need  of  recoating.  After  polar- 
ization and  deposition  of  the  carbonate  coating, 
however,  from  50  ft  ( 1 5.2  m).  the  surface  appeared  to 
be  completely  coated  with  paint.  Even  though  the 
old  coating  was  worn,  it  did  help  distribute  current 
from  the  three  anodes  on  the  upstream  face  more 
uniformly.  On  ihe  other  hand,  turbulence  on  the 
downstream  side  prevented  the  anode  on  that  side 
from  polarizing  the  surface  of  the  gate. 

3.5.4  The  condition  of  the  structure's  surface  thus 
affects  the  total  current  and  the  anode  spacing  re- 
quired of  a proposed  cathodic-protection  system.  II 
the  anodes  are  spaced  farther  apart  the  current  re- 
quired of  each  anode  to  effect  polarization  max  be 
greater  as  the  coating  deteriorates  than  it  the  anodes 
had  been  closer  together.  Current  from  each  anode 
should  never  he  so  great  that  it  causes  the  paint  near 
the  anode  to  blister.  The  designer  of  cathodic  protec- 
tion systems  should  know  both  the  tvpe  and  condi- 
tion of  any  coating  on  the  steel  and  be  able  to  esti 
mate  what  its  condition  will  be  10  or  15  vears  later 

3.6  Shielding  of  Current  Interference 

3.6.1  Achieving  uniform  cathodic-current  density, 
and  hence,  uniformly  and  adequately  protecting  an 
irregularly  shaped  structure,  such  as  a miter  gate, 
can  be  a formidable  problem.  The  current  tends  to 
concentrate  on  that  portion  of  the  structure  closest 
to  the  anode.  Because  the  resistivity  of  natural 
waters  is  generally  at  least  a million  times  greater 
than  that  of  structural  steel,  the  current  flows  along 
the  shortest  anode-to-strueture  distance.  On  some 
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FiRure  17.  Close-up  of  a sacrificial  anode 


experimental  gates  w hose  coating  had  badly  deterio- 
rated. current  distribution  was  poor,  even  several 
months  after  the  current  was  applied,  although  the 
distribution  gradually  improved  and  became  ade- 
quate. Deposition  of  a carbonate  film,  which  in- 
creases the  resistance  of  structure  surfaces  on  w hich 
it  forms,  causes  this  improvement  and  makes  greater 
current  density  available  for  surfaces  larthcr  Irom 
the  anode. 

3.6.2  A paint  eoating  in  reasonably  good  condition 
largely  eliminates  shielding  problems.  In  fact,  a 
paint  coating  is  generally  necessary  lor  cathodic- 
protection  systems  on  hydraulic  structures. 

3.7  Stray  Current  Corrosion 

3.7.1  When  metallic  components  or  members  are  in 
the  electrolyte  path,  stray-current  corrosion  may 
occur  (Figure  18).  Since  current  front  the  anode 
seeks  the  path  of  least  resistance,  most  of  it  passes 
through  the  intermediate  piece  of  steel.  The  end  of 
the  steel  nearest  the  anode  is  cathodically  protected 
because  the  current  is  flowing  from  electrolyte  to 
metal  at  this  point.  At  the  opposite  end.  however, 
current  leaves  the  metal,  and  corrosion  occurs. 

3.7.2  Bonding  the  intermediate  member  to  the 
structure,  as  show  n in  Figure  18.  can  eliminate  this 
problem.  A significant  percentage  of  the  cathodic- 
protection  current  probably  Hows  from  the  anode  to 
the  intermediate  member,  however,  and  returns  to 
the  rectifier  without  re-entering  the  electrolyte. 
Thus,  bonding  eliminates  corrosion  of  the  intermedi- 
ate metal,  but  the  desired  current  still  does  not  reach 
the  structure. 

3.7.3  On  hydraulic  structures,  excessive  straying  of 
current  generally  occurs  w hen  the  anodes  arc  remote 
from  the  cathode.  For  example,  a 1200-ft  (3t>5.8  m) 
wire-rope  anode  is  located  500  ft  (152.4  m)  upstream 
of  a dam  consisting  of  nineteen  100- ft  (.10.5  ml  long 
roller  gates  supported  by  steel-reinforced  concrete 
piers  founded  on  rock.  When  100  A of  current  are 
forced  from  the  anode  into  the  river,  only  5 A collect 
at  the  gates.  The  remaining  95  A take  an  alternate 
path  through  the  reinforcing  steel  in  the  concrete, 
the  lock  walls,  and  the  armored  noses  of  the  piers 
back  to  the  rectifier.  I he  negative  side  of  the  rectifier 
is  bonded  to  the  service  bridge  of  the  dam.  which  is 
metallically  connected  to  all  the  gates. 

3.7.4  Another  example  is  the  set  of  nine  steel 


anodes  suspended  front  the  bottom  of  the  service 
bridge  of  Lock  and  Dam  No.  15  on  the  Mississippi 
River.  These  anodes  are  approximately  in  line  with 
the  pier  noses  and  about  30  ft  (9.1  m)  front  the  gate. 
Tests  showed  that  50  percent  of  the  anodes'  current 
reached  the  gate  by  w ay  of  the  water  path.  30  percent 
was  collected  by  the  piers,  and  20  percent  was  un- 
accounted for;  this  is  too  much  stray  current 

3.7.5  Stray  current  through  reinforcing  bars  in  con- 
crete is  a particular  problem.  First,  cathodic  current 
that  takes  this  path  may  be  unavailable  to  protect 
the  structure.  Second,  corrosion  of  reinforcing  bars 
can  result  in  cracking  and  spalling  of  concrete,  and 
replacement  or  repair  can  be  extremely  expensive. 
This  second  problem  arises  when  corrosion  products 
accumulate  at  the  rebar-concrete  interface  where 
current  passes  front  metal  to  environment.  As  the 
reaction  products  build  up.  the  volume  increases, 
resulting  in  tensile  stresses  that  cause  cracking. 

3.7.6  Concrete  appears  to  be  solid,  but  30  to  40  per- 
cent of  its  structure  actually  consists  of  voids  ranging 
in  size  from  macroscopic  air  holes  to  holes  as  small 
as  several  atoms  in  diameter.  In  submerged  applica- 
tions. these  voids  fill  w ith  water,  so  that  the  concrete 
then  serves  as  an  electrolyte.  The  siring  of  duriron 
anodes  laid  on  the  rock  floor  across  a lock  chamber 
at  Lock  and  Dam  No.  15  illustrates  stray -current 
How  through  concrete.  After  the  current  discharged 
from  the  anode  has  traveled  a few  feet,  it  has  a water 
path  100  ft  (30.5  nt)  wide  and  about  2~  ft  (8.2  m) 
deep  (approximately  3.000  sq  ft  1250  m2]>.  Since  the 
concrete's  resistance  to  the  flow  of  current  is  about 
eight  times  greater  than  that  of  the  water  itself,  only 
a small  proportion  of  the  current  might  be  expected 
to  stray  to  the  concrete  lock  walls.  Current  may  only 
travel  1 or  2 in.  (25.4  or  50.8  mm)  through  this  high- 
resistance  path  before  it  enters  and  travels  along  a 
rebar.  Since  the  rebar's  resistivity  is  considerably  less 
than  the  water's,  a significant  percentage  ol  the  cut 
rent  takes  this  stray-current  path 

3.7.7  Another  poor  location  lor  ataxies  is  the  con 
Crete  cross  over  lor  cables  located  just  upstream  ol 
the  string  ol  anodes  Because  this  concrete  is  in  the 
area  of  maximum  potential  gradient,  it  would  be 
exposed  to  high-current  density. 

3.7.8  At  Lock  and  Dam  No.  15,  there  are  W) 
duriron  anodes  (2  in.  x 9 in.  1 50.8  mm  x 228. n mm  | 
each)  connected  with  12  in.  (304.8  mm)  of  No.  h neo- 
prene-covered, seven-strand  cable.  At  each  end  of 
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I lie  string,  the  cable  is  placed  inside  garden  hose, 
which,  in  turn,  is  placed  inside  a conduit  fastened 
w ithin  the  ladder  recess  on  each  lock  wall,  lee  cannot 
damage  this  installation  Since  the  anodes  arc  in  the 
an  \ 1 1 1.1  r\  lock  used  primarily  lor  small  boat  Ira  file, 
dclci  mining  w hcllici  tile  anodes  might  be  vulnerable 
to  the  propeller  backwash  ol  larger  ships  is  impossi 
hie  bach  anode  has  a current  density  of  0.28  niA 
sq  It  (3.0  mA  m2).  which  is  insufficient  to  cause 
anode  deterioration,  file  current  distribution  on  the 
gate  is  reasonable,  even  though  the  bottom  one-third 
of  the  gate  eolleets  more  than  the  top  one-third. 

3.7.9  It  the  lock  walls  rested  on  steel  piling  con- 
nected to  the  gates,  locating  the  anodes  in  the  piling 
would  be  improper,  because  the  piling  would  then 
receive  most,  if  not  all.  ol  the  current.  Stray  current 
might  accelerate  corrosion  for  pilings  not  connected 
metallically  to  the  gate. 

3.8  Size  and  Shape  of  the  Electrolyte  Path. 

I he  electrolyte  path  is  important  when  the  current 
must  travel  a path  that  is  long  compared  to  its  cross 
section.  An  example  of  this  situation  is  the  custom 
ary  recess  position  ol  the  emergency  miter  gates  in 
the  ( hittendon  Locks,  Seattle  District.  These  gates 
are  recessed  for  at  least  1 1 months  of  the  year.  There 
is  about  b in.  (152.4  mm)  clearance  between  the  gate 
and  wall.  Because  the  water  surrounding  the  gates  is 
very  corrosive  and  because  coating  life  in  this  expo- 
sure ts  short,  the  design  engineers  have  considered 
cathodic  protection.  The  path  for  current  in  this  ease 
is  a rectangle  b in.  1152.4  mm)  wide.  40  ft  (12.2  ml 
long,  and  25  ft  (?.b  m)  deep.  It  anodes  within  the 
crevice  are  tar  apart,  this  narrow  width  requires  that 
the  current  be  "crowded"  in  the  electrolyte.  Because 
the  circuit  by  which  current  could  leave  the  anode, 
travel  through  the  narrow -path  electrolyte,  and  even- 
tually enter  the  gate  has  a high  resistance,  relatively 
little  cathodic  current  goes  this  way.  and  only  the 
area  near  the  anode  is  protected.  Thus,  closely 
spaced  anodes — for  example.  I in.  (25.4  nun)  diam- 
eter magnesium  anodes  suspended  vertically  in  the 
lot  and  spaced  about  4 ft  (1.2  m)  apart — should  be 
considered  lye  the  design  engineer. 

3.9  Resistance  of  Cathodic  Protection  Circuit 

3.9.1  The  resistance  ol  the  electrical  circuit  signifi- 
cantly affects  the  power  costs  of  the  installation 
Thick  cable  is  recommended  for  cathodic  protection 
because  ol  the  low  voltages  that  protection  generally 


involves.  Cable  resistance  to  How  of  current  from  a 
rod  anode  can  be  expressed  as 

0.01 2p  log  - 

Is  -a  II  q I II 

I 

where  p = the  specific  resistance  ol  the  electrolyte 
in  ohms  cm1 

D = the  distance  between  anode  and  struc 
tu  re 

a = anode  radius 
I = anode  length  in  feet. 

3.9.2  This  equation  can  seldom  be  used  in  design- 
ing cathodic  systems  for  hydraulic  structures  be- 
cause anodes  are  generally  not  entirely  surrounded 
with  electrolyte.  Most  such  anodes  rest  in  a grooved 
timber  or  against  a plastic  holder  of  some  kind.  The 
equation  does,  however,  illustrate  the  following  im- 
portant points: 

a.  Resistance  varies  inversely  with  the  length  ol 
the  anode. 

b.  Resistance  ts  directly  proportional  to  the  re- 
sistivity of  the  electrolyte. 

e.  The  effect  of  D and  a is  less  than  the  other 
factors,  especially  w hen  D a is  greater  than  50. 

3.10  Summary.  The  following  points  are  particu- 
larly important  to  cathodic  protection  system  design. 

3.10.1  Current  Density.  About  2 mA  sq  It  (21.5 
ntA  m'l  is  required  to  protect  bare  steel  in  fresh 
water;  about  5 to  It)  ntA  sq  ft  (32.3  to  I (t'.b  mA  m'l 
is  required  in  quiet  seawater. 

3 10.2  Current  Density  on  tin  Ainuli  ( urrent 
density  should  not  exceed  1000  mA  sq  It  (10  'lit.'l 
mA  m2)  on  duriron.  Manufacturer's  recommend. i 
lions  should  be  followed  lor  graphite. 

3.10.3  Impressed- Current  Anodes.  Graphite  anodes 
corrode  rapidly  at  the  ends  and  are  vulnerable  to 
mechanical  damage.  Duriron  is  brittle,  so  anode 
shapes  of  duriron  anodes  such  as  the  tvpe  G.  2 in.  x 
9 in.  (50.4  mm  x 228. b mm)  with  a cable  running 
through  the  center  and  button  type  are  satisfactory 
Duriron’s  elcctrolvtical  resistance  is  vers  good  Van 
ous  schemes  tor  holding  the  segmented  anodes  on 
gates  are  available,  but  thev  are  eostlx  to  construct 
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•tiki  provide  significant  resistance  to  the  flow  of  cur 
rent.  Duriron  anodes  2 in.  x 80  in.  (50.4  ntnt  x 
2.0  m)  and  3 in.  x 50  in.  Ho. 2 tnm  x 2.0  m)  are  verv 
good  for  soils  in  which  their  brittleness  is  not  such  a 
disadvantage.  Aluminum  anodes  arc  commonly  used 
in  potable  water  tanks. 

3.10.4  Aiiurfc  I (nation.  Positioning  anodes  directly 
upon  a hydraulic  structure  generally  works  best. 
Remote  anodes  create  stray-current  corrosion  and 
are  susceptible  to  damage. 

3.10.5  Anode  Supports.  Mechanical  damage  to 
anodes  and  supports  has  been  a troublesome  prob- 
lem for  cathodic  protection  installations  on  hydrau- 
lic structures.  Of  course,  the  mechanical  features  of 
a cathodic  protection  design  ntav  be  rugged  enough 
to  withstand  the  exposure,  but  the  costs  of  making 
the  features  this  rugged  may  he  unjustifiable. 

3.10.6  Galvanic  Anodes.  Magnesium  is  generally 
best  tor  freshwater,  /hr  and  aluminum  alloys  are 
widely  employed  in  seawater. 

3.10.7  Protection  Criteria.  A structure  is  con- 
sidered protected  when  a potential  of  — .85  V with 
respect  to  a copper-copper  sulfate  reference  elec- 
trode is  achieved.  An  alternative  criterion  states  that 
protection  is  realized  bv  a ..1  V'  shift  in  potential 
relative  to  its  initial  corrosion  potential.  In  most 
natural  waters,  a calcareous  deposit  forms  on  the 
structure  during  polari/ation.  giving  a good  visual 
indication  that  the  cathodic-protection  system  is 
working. 

3.10.8  Pennant  nee  u / Polarization.  \ steel  struc 
lure  in  freshwater  that  has  been  polarized  lor  some 
time  will  require  ai  least  several  days  to  depolarize  if 
the  cathodic-protection  current  is  shut  oft. 

3.10.9  Current  Distribution.  When  the  electro 
Ivie  s path  is  long  in  comparison  to  its  cross  section, 
current  distribution  will  be  a problem.  W hen  current 
density  is  not  uniform,  proper  placement  ot  anodes 
will  provide  satisfactory  distribution  on  a structure. 

3.10.10  Strip  Current  Damage  due  to  stray  current 
must  be  considered  whenever  conducting  materials 
other  than  the  structure  lobe  protected  are  present. 
Reinforcing  bars  in  concrete  especially  warrant  con 
sulci  ation. 


RECTIFIERS  FOR  CATHODIC 
4 PROTECTION 


4.1  General 

4.1.1  l he  purpose  of  the  rectifier  unit  m cathodic 
protection  is  to  convert  the  ae  power  available  at  the 
site  into  direct  current  of  the  proper  voltage  and  cur- 
rent values  for  the  particular  cathodic  protection 
system.  Figure  19  shows  the  interrelationship  of  the 
rectifier  unit  with  the  rest  of  the  cathodic  protection 
system  and  the  ac  line. 

4.1.2  Figure  19  is  a generalized  block  diagram  ot  a 
cathodic  protection  rectifier  unit.  The  first  basic 
element  is  the  line  transformer,  which  changes  the 
site  ac  voltage  to  the  required  rectifier  voltage  levels 
— the  primary  and  secondary  voltages.  Ivpical 
values  would  be  120  to  480  V on  the  transformer  pri- 
mary and  10  to  50  V on  the  secondary.  The  trans- 
former usually  has  provision  for  varying  the  output 
voltage:  the  two  most  commonly  used  methods  are 
winding  taps,  in  which  the  secondary  winding  has 
connections  for  selecting  portions  of  the  winding 
to  provide  different  voltage  levels,  and  variable 
transformers,  in  w hich  the  windings  of  the  line  trans- 
former are  fixed  but  an  auxiliary  variable  trans- 
former changes  the  voltage  supplied  to  the  trans- 
former. 

4.1.3  I lie  key  element  for  changing  the  alternating 
current  into  the  required  direct  current  for  cathodic 
protection  use  is  the  solid-state  rectifier,  which  oper- 
ates in  much  the  same  manner  as  a check  valve  in  a 
hydraulic  system:  that  is.  it  permits  current  flow  in 
one  direction  but  blocks  the  flow  in  the  reverse  direc- 
tion. Figure  20  shows  the  sequence  of  voltage  trails 
formation  and  rectification  in  the  rectifier  unit. 
Figure  21  shows  a typical  arrangement  ol  lhe  compo- 
nents of  a rectifier  unit 

4.1.4  Most  rectifier  systems  used  in  cathodic  pro- 
tection have  manually  adjustable  systems  using 
either  the  transformer  laps  or  a variable  autotrans 
lorniet  to  sci  the  cathodic  protection  voltage  level. 
\ltcr  installation  ot  the  cathodic  protection  system, 
the  protection  level  is  initially  adfusted  using  a halt- 
cell reference  voltage  and  then  secured  Recause  the 
various  phenomena  associated  with  corrosion  arc 
long  term  in  action  and  slowly  varying  the  protec- 
tion achieved  bv  this  initial  setup  is  often  satisfactory 


Figure  19.  Basic  configuration  of  cathodic  protection  system. 
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Figure  20.  Basic  elements  of  cathodic  protection  rectifier. 
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Figure  23.  Block  diagram  of  automatic  rectifier  unit. 


tor  quite  some  time.  However,  manually  adjusted 
systems  arc  sometimes  inadequate,  particularly 
when  changes  in  electrolyte  conductivity  occur  due 
to  some  variation  in  composition.  A typical  example 
ol  this  ts  the  conductivity  of  water  in  channels  with 
varying  proportions  ol  salt  water  and  freshwater. 
Automatic  rectifiers  should  be  employed  to  accom- 
modate these  variations  in  the  electrolyte. 

4.2  Automatic  Rectifier 

4.2.1  A rectifier  unit  for  automatic  control  has  the 
same  basic  elements  as  the  manual  system,  but  in- 
corporates additional  circuits  to  automatically 
change  the  output  voltage  or  current  to  maintain  a 
constant  protection  level  ax  measured  by  a feedback 
control  sensor.  Figure  22  shows  the  interrelationship 
involved  with  an  automatic  control  system. 

4.2.2  Here  the  basic  system  is  as  shown  in  f igure 
Id.  but  is  augmented  by  the  addition  of  a reference 
cell  in  the  vicinity  of  the  structure  to  be  protected. 
I he  output  of  this  cell  is  led  back  to  the  automatic 


rectifier  unit,  which  changes  the  dc  output  level  to 
maintain  the  protection  voltage  at  a constant  preset 
value.  Figure  23  shows  a block  diagram  of  the  elec- 
tronic system  that  performs  this  control  action.  In 
operation,  the  protection  voltage  level  desired  is  set 
by  the  reference  or  control  signal  source,  which  is  fed 
into  an  electrt  nie  comparator  circuit  simultaneously 
w ith  an  electrical  signal  Irom  the  relercnee  hall-cell 
If  the  two  signals  are  of  the  same  value  (that  is.  the 
protection  voltage  level  for  the  structure  coincides 
with  the  preset  control  level),  no  error  voltage  is 
developed  by  the  comparator  and  no  correction 
signal  is  applied  to  the  controllable  rectifier  unit.  If. 
for  any  reason,  the  protection  voltage  level  differs 
from  the  value  set  by  the  "demand"  control  signal, 
the  comparator  develops  a difference,  or  error  volt- 
age. which  actuates  the  control  power  unit,  flits 
changes  the  voltage  applied  to  the  protected  struc- 
ture so  that  the  protection  level  again  coincides  with 
the  preset  value.  Thus,  the  change  in  protection 
voltage  engendered  by  the  electrolyte  conductivity 
change  is  nullified  In  an  automatic  modification  of 
the  applied  voltage. 
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a.  Time  duration  period  of  one  cycle  of  60  Hz  ac 
line  voltage;  complete  cycle  supplied  to  rectifier 
stack  produces  full  power  output. 


b.  One  cycle  “clipped"  (switched  off)  for  half  of 
positive  phase,  resulting  in  half  power  supplied 
to  rectifier. 


Figure  24.  Sw  itching  action  of  SCR. 


4.2.3  flic  device  most  commonly  used  in  controlla- 
ble rectifier  systems  is  the  silicon-controlled  rectifier 
(SCR).  SCRs.  also  called  thyristors,  are  semi-con- 
ductors resembling  silicon  diodes  but  having  a third 
terminal  called  a "gate"  added  for  control  purposes. 
A silicon  diode  will  contact  in  its  forward  direction 
and  block  the  flow  of  current  in  its  reverse  direction, 
whereas  an  SCR  will  block  in  both  directions  until  a 
tiring  signal  is  impressed  on  the  gate-cathode  circuit. 
When  this  occurs,  the  SCR  will  conduct  in  the  for- 
ward direction. 

4.2.4  S(  Rs  mav  be  substituted  for  regular  diodes  in 
any  of  the  common  rectifier  circuits  to  produce  con- 
trolled rectification,  and  the  dc  output  can  be  varied 
front  0 to  100  percent  In  varving  the  timing  of  the 
firing  signals. 

4.2.5  Figure  24a  shows  an  ac  voltage  lor  one  com- 
plete cycle  while  Figure  24b  shows  the  switching 
action  of  the  SCR. 

4.3  Evaluation  of  Automatic  Rectifiers 

4.3.1  I -'igure  25  shows  oscilloscope  traces  made 
during  the  evaluation  study  of  commercial  auto- 
matic rectifiers. 

4.3.2  I •igure  26  is  a chart  recording  the  output  soli 
age  of  two  commercial  automatic  rectifiers  which 
change  in  conductivity.  I his  trace  was  made  during 
a laboratory  test  of  these  rectifiers  lor  use  in  the 


brackish  water  conditions  of  the  intracoastal  w ater- 
way system.  Point  (I)  on  the  chart  represents  fresh- 
water. with  salinity  progressively  increasing  to  3 per- 
cent at  point  (10). 

4.3.3  During  the  study  of  automatic  rectifiers,  it 
was  observed  that  the  commercially  available  units 
possessed  adequate  operational  capability  for  typical 
Corps  problems  in  regard  to  speed  of  response  to 


Figure  25.  Oscilloscope  traces  showing  switching 
periods. 
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f igure  26.  C hange  ot  automatic  rectifier  output  voltage  for  change  in  conductivity  ot  electrolyte. 
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conductivity  changes  and  voltage  compensation 
range.  1 wo  potential  problem  areas  became  evident, 
however,  in  application  of  the  units  in  the  field. 

4.3.4  First,  overvoltage  protection  was  completely 
lacking  or  ineffective.  Although  most  units  incorpo- 
rate current-limiting  or  short  circuit  protection,  the 
circuitry  does  not  preclude  excessive  voltage  mal- 
functions Overvoltage  on  painted  structures,  of 
course,  could  cause  severe  paint  blisters. 

4.3.5  Second,  only  one  half-cell  is  used  in  the  feed 
back  circuit;  thus,  there  is  no  provision  for  a redund- 
ant. back-up  sensor  in  the  event  of  "fouling"  or 
malfunction  of  the  reference  cell. 

5 CONCLUSIONS 

5.1  This  study  developed  cathodic  protection  guide- 
lines for  systems  prevalent  in  Corps  of  Engineers 
civil  works  operations  based  on  (I)  the  principles  of 
corrosion  and  cathodic  protection.  (2)  electrochemi- 
cal experiments  relevant  to  corrosion  mitigation  of 
Corps  hydraulic  structures,  and  (.1)  investigation  of 
anode  requirements  using  electric  field  concepts. 

5.2  The  electrochemical  experiments  relating  to 
corrosion  situations  encountered  in  Corps  of  Engi- 
neers civil  works  operations  indicated  that  a mini- 
mum cathodic  protection  voltage  of  —0.850  V rela- 
tive to  a copper-copper  sulfate  electrode  is  manda- 
tory. With  less  than  this  value,  the  corrosion  rate  in- 
creases significant Iv.  The  experiments  also  indicated 
that  the  location  and  voltage  reading  of  the  reference 


electrode  are  very  important.  Since  a reference  elec- 
trode more  than  V*  in.  (6.4  mm)  from  the  structure 
in  the  anode  direction  will  give  a higher  voltage  read- 
ing, accidentally  placing  the  reference  electrode 
within  the  high  potential  gradient  of  an  anode  could 
result  in  a large  and  erroneous  reading.  A third  con- 
clusion from  the  experiments  is  that  the  si/e  of  area 
exposed  has  a significant  effect  on  the  corrosion  rate. 

5.3  Because  the  required  cathodic  protection  level 
must  be  maintained  over  the  entire  surface  suscepti- 
ble to  corrosion,  the  continuum  aspects  of  electric 
field  design  were  explored.  1 his  method  was  found 
to  offer  two  salient  advantages  for  cathodic  protec- 
tion system  design: 

a.  It  alerts  the  designer  to  areas  of  underprotec- 
tion caused  by  shadowing  (conversely,  it  reveals 
possible  overvoltage  areas  that  could  cause  paint 
failure).  Results  indicated  that  cathodic  protection 
is  affected  drastically  by  the  placement  of  an  ex- 
traneous conductor  whose  area  is  only  5 to  10  per- 
cent of  that  of  the  area  to  be  protected. 

b.  It  provides  guidance  in  anode  placement  for 
cathodic  protection  designs  involving  structures  of 
irregular  shape.  For  example,  paralleling  anodes  was 
found  to  decrease  corrosion  resistance. 

5.4  An  additional  part  of  this  study  was  a survey  of 
commercially  available  automatic  rectifiers.  I bis 
survey  revealed  two  major  shortcomings:  inadequate 
feedback  sensor  input  design  and  unsatisfactory 
overvolt  age  p rot  ect  i on . 


APPENDIX  A 

CATHODIC  PROTECTION  EXPERIMENTS 

A.1  Criterion  lor  Protection 

A. 1.1  The  accepted  criterion  for  cathodic  protec- 
tion of  submerged  iron  and  steel  structures  has  been 
a negative  voltage  of  at  least  0.850  V measured  be- 
tween the  structure  surface  and  a saturated  copper- 
copper  sulfate  reference  electrode.  For  large  bare 
structures,  a potential  change  of  300  mV  has  been 
used  as  an  alternate  criterion  * Increasing  use  of 
iron  and  steel  in  submerged  structural  applications 
necessitates  development  of  detailed  design  criteria 
for  cathodic  protection:  this  development  demands 
preliminary  basic  data  on  some  fundamental  aspects 
of  corrosion  behavior.  Knowledge  of  current  require- 
ment. the  nature  of  the  structure  (painted,  partly 
painted,  bare),  the  area  affected,  the  conductivity  of 
the  electrolyte,  and  the  effect  of  velocity  is  needed  to 
deal  with  the  problem  ot  providing  adequate  protec- 
tion. 

A.1. 2 A metal  immersed  in  an  aqueous  environ- 
ment develops  an  electrical  potential.  This  potential, 
known  as  electrode  potential  or  corrosion  potential, 
characterizes  the  metal's  behavior  in  a specific  cor- 
rosive environment.  A metal's  potential  in  natural 
environments  seldom  agrees  with  the  standard  elec- 
trode potential.  Variations  result  from  polarization 
phenomenon  and  other  secondary  processes  which 
occur  when  the  metal  is  immersed  in  the  electrolyte. 
Quite  frequently,  the  corrosion  potentials  vary  with 
time  as  well.  Occasionally,  the  steady  state  value  of 
potential  is  achieved  in  several  hours,  if  the  corrosive 
conditions  arc  maintained  constant.  In  contrast, 
when  an  impressed  current  is  applied  lor  cathodic 
protection,  attaining  the  steady-state  current  value 
may  take  several  w eeks. 

A. 1.3  This  appendix  describes  the  method  and 
results  of  experiments  designed  to  provide  informa- 
tion on  several  of  the  problem  areas  discussed  above 

* Mu  VituMi.il  \ssivMtion  'W  Corrosion  Rmbntvrs  lists  two 
.ulilit iiMi.il  cnti't  i.i  in  Kivomnicnrii'il  Procedure  01  fW 

I \ minimum  negative  U\itli«u1ic)  polari/atinn  voltage  shift  «>f 
MU'  m\  measured  between  the  structure  surface  and  .1  saturated 
copper  copper  sulfate  reference  electrode  contacting  the  electro 
tvte. 

? \ structure  to  electrolyte  vollaue  .it  least  as  negative  (cath 

■ •diet  is  that  oriein.iilv  established  .1 1 the  Ivumnme  ol  the  Cafe  I 
segment  ol  the  I I < »i»  I curve 


— effects  of  environment  and  time  on  corrosion 
potential  and  current  decay,  effects  of  protection 
current  on  weight  loss,  and  effects  ol  area  exposed 
on  current. 

A. 2 Specimen  Preparation 

A. 2.1  T est  specimens  of  a representative  structural 
steel,  AS TM  A 3b.  were  cut  from  a large  steel  plate. 
The  specimen  dimensions — b in.  x 3 in.  x 0.045 
in.  (152.4  mm  x 76.2  mm  X 1.1  mm) — were  limited 
by  the  capability  of  the  analytical  balance  used  in  the 
weight  loss  tests.  The  specimens  were  sanded  with 
grade  120  abrasive  paper  and  then  cleaned  bv  dip- 
ping in  a 30  percent  hydrochloric  acid  solution  for  30 
minutes.  The  specimens  were  then  washed  under 
running  distilled  water,  followed  by  alcohol  and 
acetone.  They  were  then  dried  at  150°F  tbb=C)  in  an 
oven  for  30  minutes. 

A. 2. 2 A small  insulated  plastic  tank  was  used  as  a 
container  for  the  electrolyte.  Tests  were  conducted  in 
tap  water  (both  (lowing  and  still),  and  a 3.5  percent 
sodium  chloride  solution.  Table  At  lists  the  compo- 
sition of  the  tap  water.  T he  flowing  water  condition 
was  obtained  bv  providing  three  outlet  boles  of  ' » in. 
(b.4  mm)  diameter  in  the  lank.  The  water  was  drawn 
directly  front  the  tap  and  the  velocity  was  controlled 
by  the  inlet  valve.  Figure  A I show  s the  complete  test 
setup. 

A. 3 Corrosion  Potential  Measurements  (Open 
Circuit).  Corrosion  potential  of  the  steel  plate  was 
determined  for  three  conditions:  still  tap  water.  Ilow- 
ing  tap  water,  and  still  3.5  percent  salt  solution.  A 
calomel  half-cell  was  used  as  the  reference  electrode. 
I able  A2  shows  the  conversions  of  different  half-cell 
potentials,  as  measured  with  an  electrometer,  to 
that  for  the  copper-copper  sulfate  half  ■ Tl.  Electri- 
cal contact  between  the  steel  plate  and  calomel  elec- 
trode was  maintained  through  a salt  bridge  Poten- 
tial readings  were  recorded  for  30  da  vs  from  the  time 
the  steel  plate  was  immersed  in  the  electrolyte.  Cor 
rosion  potential  versus  time  was  recorded  lor  all 
thr  ■ test  conditions  (Figure  \2) 

A. 4 Current  Decay  Measurement.  I \ t 

shows  the  electrical  circuit  arrangement  Ft  tin  astir 
ing  the  current.  I tic  constant  voltage  minipolcntio 
stat  shown  in  Figure  A.'  was  used  to  supply  a con 
slant  voltage  ot  — 0.  8 V with  reference  to  tin 

calomel  hall-cell  (equivalent  to  0.85  V with  respect 
to  a copper-copper  sulfate  hall-cell)  flic  minipoten 
tiostats  were  designed,  hard  w ired  and  then  checked 


Table  At 

Mineral  Analysis  of  Tap  Wafer* 


Iron  (loial) 

Ma  nganese 

( alcium 

Magnesium 

Strontium 

Sodium 

Potassium 

Ammonium 

Barium 

Cadmium 

Chromium 

Copper 

Lead 

Lithium 

Nickel 

/inc 


mg  f = milligrams  per  lifer 
Me  1 = milliequivalents  per  liter 
Mg  i x .0583  = grains  per  gallon 


mg/i 

.00 

.00 

me/ 1 

Phosphate 

(untlltered) 

i><>. 

mg 

0 0 

Lib 

b8 

Silica 

Sit), 

b.H 

1 1.7 

,9ft 

Lluoridc 

K 

l.l 

.13 

Boron 

B 

0.3 

32. ‘•I 

1.43 

Nitrate 

NO, 

0.0 

2.b 

.07 

Chloride 

Cl 

5 

0.9 

.05 

Sulfate 

SO. 

34.1 

<0.1 

.00 

P Alkalinity 

(CaCO,) 

12 

.00 

.00 

M Alkalinity 

(CaC03) 

ir 

< .05 

.00 

Hardness 

iCaCO.I 

82 

< .05 

.00 
t liter 

Total  Dissolved 
Minerals 
Turbidity 
Color 

1 "4 
0 
0 

Odor 

I'emp.  (at  tap) 
pH  (in  lab) 


* Analysis  conducted  by  the  laboratory  oV  the  Illinois  State  Water  Surves.  Champatgn.il 
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Figure  Al.  l est  setup  tor  cathodic  protection  experiments. 
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Figure  A2.  Decay  of  corrosion  potential  for  three  environments.  The  figure  shows  the  time  required  to  reach 
steadv-state  potential  with  respect  to  a copper-copper  sulfate  reference  electrode  when  bare  steel  is  immersed  in 
still  tap  water,  running  tap  water,  and  still  saltwater. 
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Equivalent  Potentials  «;f  Reference  Electrodes  Relative 
to  0.85  \ Reading  of  Copper-Copper  Sullate  Electrode 

Comparative  Reference 
Electrode  Reading  Equivalent 

r.vpc  °f  ( omparativc  to  0.85  V on  the  C upper  - 

Reference  Klertrode  (Upper  Sulfate  Electrode 

Calomel  (saturated)  0.778  V 

Silver  Silver  ( liloride 

<0  I \ silver  chloride  solution)  - 0.840  \ 
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(silver  screen  vvitb  deposited  sih  er(  -0  780  V 

Pure  Zinc  (special  hitch  grade)  f 0.2  V 


3" 


Figure  A3.  Diagram  of  minipotentiostat. 


lor  at  least  a week  before  use  in  the  testing.  Two 
304  stainless  steel  plates  were  used  as  the  counter 
electrodes.  Current  readings  were  taken  for  10  to  15 
days.  I ests  were  conducted  in  still  tap  water,  flow  ing 
lap  water,  and  still  5.5  percent  sail  solution.  Figure 
A4  shows  the  current  decay  with  respect  to  time.  In 
the  ease  of  (lowing  tap  water,  the  current  decay  was 
noted  for  constant  potentials  of  —0.850.  —0.825. 

800.  (I.  '50.  and  —0.700  V.  Figure  A5  shows  the 

variation  of  current  with  time  at  different  potentials. 

A. 5 Area  Exposure  Tests.  Six  plate  specimens 
w it h different  areas  exposed  were  prepared.  One  side 
of  each  specimen  was  completely  coated  with  vinyl 
paint:  the  other  sides  were  partially  painted,  leaving 
0.025.  1.5.  .1.  0.  and  18  sq  in.  (0.1b.  9.7.  19.4,  58.1. 
and  I lb.  1 cm2)  exposed.  A constant  protective  volt- 
age of  —0.850  V w ith  respect  to  the  copper-copper 
sulfate  half-cell  was  maintained  by  the  minipotentio- 
stat  for  1 week.  Current  readings  were  taken  at  dif- 
ferent intervals.  Figure  Ah  shows  the  variation  of  the 
steady-state  current  w ith  the  area  exposed. 

A. 6 Weight  Loss  Measurements 

A. 6.1  T he  weight  loss  specimens  were  prepared  as 
for  the  other  tests.  They  were  then  weighed  to  an 
accuracy  of  0.1  mg  on  an  analytical  balance.  Pre- 
cautions against  humidity  and  contamination  were 
taken.  After  weighing,  each  specimen  was  quickly 
and  carefully  placed  as  a cathode  in  the  running 
water  tank  as  shown  in  Figure  A1  (or  stored  in  a 
desiccator). 

A.6.2  T wo  b in  x 3 in.  X .89  in.  (152.4  mm  X 
~b.2  mm  x 22. b mm)  304  stainless  steel  plates  were 
used  as  counter  electrodes  and  were  placed  at  equal 
distances  from  each  face  of  the  specimen:  the  speci- 
men was  completely  immersed  in  water. 

A. 6. 3 All  the  electrical  connections  were  checked 
and  special  care  was  taken  to  totally  insulate  the 
specimen  from  anv  other  foreign  metallic  piece.  A 
similar  plate  w as  cleaned,  weighed,  and  placed  in  the 
same  tank  but  w ithout  any  protection.  Constant  volt- 
ages of  -0.850  V.  -0.825  V.  -0.800  V.  -0.775  V. 

-0.750  V.  and  0.700  V with  respect  to  a copper- 
copper  sulfate  half-cell  were  applied  as  the  protec- 
tion voltages  bv  a Princeton  Applied  Research 
Potentiostat.  Intermittent  current  readings  were 
taken  during  the  10-day  tests.  A saturated  calomel 
electrode  with  a salt  bridge  was  used  as  the  reference 
electrode.  The  top  of  the  salt  bridge  was  maintained 
at  a distance  ot  I to  3 mm  from  the  steel  plate. 


A. 6. 4 After  10  days,  the  specimens  were  taken  out 
of  the  tank,  visually  inspected,  and  then  washed  in 
running  water  w ith  careful  wire  brushing  I he  speci- 
mens were  then  washed  with  alcohol  and  dried  in  an 
oven  at  150°F  (bb  C)  lor  30  minutes.  I he  final 
weight,  measured  on  the  same  analytical  balance  as 
the  initial  weight,  was  recorded.  Figure  A'  is  a plot 
of  protection  voltage  versus  the  loss  in  terms  of  mils 
per  year,  calculated  from  the  equation 


mpy  = 


[F.q  A 1 ] 


where  W - weight  loss,  mg 

D = density  of  specimen,  g cnt'(  — _'.5b  for 
steel) 

A = area  ot  specimen,  sq  in. 

T = exposure  time.  hr. 

A. 7 Results  and  Discussion 

A. 7.1  Corrosion  Potential.  Although  most  common 
metals  tend  to  dissolve  in  corrosive  environments, 
their  rates  of  corrosion  vary  substantially  I he  corro- 
sion potential  is  a reasonable  indicator  of  the  dis- 
solution of  the  metal.  In  the  case  of  steel  immersed 
in  freshwater  (containing  dissolved  oxygen),  the 
corrosion  potential  results  from  the  anodic  dissolu- 
tion of  iron  (Fe)  to  iron  ions  (Fc*2)  and  the  cathodic 
reduction  of  oxygen  (O.).  A metal  (Fe)  in  equilibrium 
w ith  its  own  ion  (Fe*2)  builds  up  an  electrical  poten- 
tial. termed  reversible  potential,  at  the  metal-electro- 
lyte interface.  However,  the  potentials  of  some 
metals  in  solutions  of  their  ow  n ions  do  not  seem  to 
be  reversible;  iron  falls  into  this  group.  In  the  field, 
the  corrosion  potential  measured  by  a copper-copper 
sulfate  reference  cell  does  not  represent  the  equi- 
librium state  (reversible  electrode  potential)  but  a 
steady-state  condition.  Quite  frequently,  the  irre- 
versible electrode  potentials  vary  with  time.  Occa- 
sionally, the  change  of  potential  takes  place  during 
many  hours.  In  this  study,  a steady-state  value  was 
attained  w ithin  24  hours  tor  all  three  test  conditions 
(i.e.,  still  tap  water,  flowing  tap  water,  and  still  salt 
water). 

A.7.2  Current  Deem 

A.7.2. 1 Immersing  steel  in  an  electrolyte  perturbs 
the  uniform  properties  of  the  electroly  te  in  the  inter- 
lace region.  T he  iron  ions  and  water  molecules  tend 
to  assume  a certain  time  average-arrangement.  In 
the  ideal  case,  the  metal  and  solution  continuously 
interchange  ions  Ions  pass  from  the  surface  of  the 
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Figure  A4.  Current  decay  in  three  environments  (potential  = —0.850  V).  1 his  figure  shows  the  time  required  to 
reach  steady-state  current  when  a plate  of  steel  is  maintained  at  —0.85  V with  respect  to  a copper-copper 
sulfate  reference  electrode  by  an  impressed  current.  The  steady-state  current  density  is  shown  in  the  graph. 


Figure  AS.  Current  stabilization  in  flowing  tap  water  at  five  potentials.  This  figure  shows  the  time  required  to 
reach  steady-state  impressed  current  which  is  required  to  maintain  a bare  steel  plate  at  five  different  potentials 
ranging  Irimi  —0.700  to  —0.850  V with  respect  to  a copper  copper  sulfate  reference  electrode. 
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Figure  A6.  Protection  current  versus  cathode  area.  This  figure  shows  the  steady-state  cathodic  protection 
current  required  to  shift  the  potential  to  —0.850  V with  respect  to  a copper-copper  sulfate  reference  electrode 
tor  bare  steel  exposed  to  tap  water  as  well  as  salt  water.  SI  conversion  factor:  1 sq  in.  = 6.451 6cm;. 


Figure  A7.  Corrosion  rate  (mils  per  year)  versus  protection  voltage.  This  figure  shows  the  corrosion  rate  in  mils 
per  year  (mpy)  as  a function  of  the  cathodic  protection  voltage  w ith  respect  to  a copper-copper  sulfate  reference 
electrode.  SI  conversion  factor:  I mil  = .0254  mm. 
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A. 7.3  An  •<  I • 


metal  Milo  solution.  while  lulls  from  the  suliiiluu  .ire 
simultaneously  transferred  tu  the  melal.  A kinetic 
equilibrium  between  the  • Icctrode  and  the  sulutiuii 
ean  exist  only  when  the  rate  ul  inn  migration  truin 
the  metal  into  solution  tV|;  — M;i  is  equal  to  tin 
veloeilv  ot  the  opposing  process  lM"  ■ M i in  ju  te 
tiee.  however,  the  situation  is  complicated,  and  all 
equilibrium  stale  is  never  a t ta i tie'll . the  nature  ol 
metal  itself,  the  plivsioeliemieal  slate  and  structure, 
the  condition  of  the  surface,  the  presence  ul  protec- 
tive films  on  the  metal,  the  molecules  absorbed  on 
the  surface,  and  the  mechanical  deformation  and 
stresses  in  the  metal  each  li  tve  an  effect.  I lie  nature 
of  the  electrolyte  ti.e..  the  concentration  ul  ions  in 
the  solution,  nature  and  concentration  ul  dissolved 
gases,  etc.)  also  has  a marked  effect.  On  the  other 
hand,  the  oxide  film  formed  on  the  surface  mat 
break  and  reform  depending  on  the  dynamics  and 
condition  of  the  eleetrolvle.  I he  mobility  ul  inter 
facial  products  in  running  water  is  quite  high  com- 
pared to  that  in  still  water,  and  a steady  state  will  be 
attained  more  readilv. 

A. 7. 2. 2 In  the  current  decay  experiments,  the  cur- 
rent was  initiallv  high  and  gradually  reached  a 
steady-state  value  in  several  hours.  Because  the  test 
piece  was  maintained  at  constant  potential  with  re- 
spect to  the  reference  cell,  the  difference  in  current 
reading  with  time  was  the  result  of  interfacial  re- 
action near  the  test  piece.  Since  the  conductivity  of 
salt  water  is  verv  high  compared  to  that  of  tap  water, 
a higher  initial  current  value  was  obtained.  In  both 
cases,  the  current  decav  was  due  to  the  interfacial  re- 
action at  the  lest  piece,  i.e..  formation  ot  double 
layer  and  oxide  film.  These  factors  may  appear 
simple,  but  pinpointing  the  kinetics  ot  each  factor  is 
very  complex.  It  must  be  noted  here  that  for  all  the 
tests  the  current  recorded  is  that  required  to  main- 
tain - 0.850  V with  respect  to  a copper  copper  sul- 
fate reference  electrode — complete  protection  cri- 
terion. With  less  voltage,  continuous  slow  formation 
of  oxide  film  on  an  unprotected  plate  will  occur, 
resulting  in  a different  rate  of  current  decay. 

A. 7.2.3  In  short,  once  the  test  piece  reaches  a 
steady  state  with  the  electrolyte,  a steady  value  of 
current  is  achieved.  However,  the  time  to  breakdown 
and  rebuilding  of  the  complex  layers  around  the  test 
piece  as  well  as  the  external  disturbance  in  power 
supply  will  result  in  minor  current  changes.  If  all  the 
other  conditions  are  maintained  constant,  as  in  this 
experiment,  the  steady-state  current  value  is 
achieved  in  several  hours. 


A. 7. 3 1 1 lie  stcadv -state  current  also  depends  on 

the  area  exposed  In  most  cases,  paint  is  the  primary 
corrosion  mitigation  technique,  and  additional  cor- 
rosion prevention  is  achieved  through  cathodic  pro- 
tection. It  is  expected  that  the  current  w ill  be  linearly 
proportional  to  the  cathodic  area  m i cathodic  con- 
trol process  when  the  field  is  uniform  and  the  elec- 
trolyte has  very  low  resistivity,  figure  An  a plot  ot 
current  versus  area,  however  shows  a deviation  trom 
linearity  due  to  ii)  high  eiectrolvte  rcsistivitv  and 

1 no  caused  by 

dllferciil  areas  ot  the  cathode  King  exposed.  As 
figure  An  shows,  the  deviation  from  linearity  is  less 
in  all  eleetrolvle  ot  vs  percent  sail  water  than  in 
Iresliwater.  This  iiommilormily  ol  tile  electric  held 
due  to  fringe  effects  is  discussed  in  Appendix  B. 

A. 7. 3. 2 flic  average  cathodic  protection  current 
requirement,  as  shown  in  figure  A n.  is  12  m \ sq  tl 
1 1 2d. 2 m\  m t for  bare  steel.  Designers  have  fre- 
quently used  2 niA  sq  It  t21.5  mA  nf)  as  the  cri- 
terion lor  coated  steel.  It  appears  that  size  effects 
play  a major  role;  experiments  are  being  conducted 
to  determine  this  effect. 

A. 7. 4 Weight  Loss 

A. 7. 4.1  The  weight  loss  tests  indicated  that  polar- 
ization to  a potential  of  0.85  V with  respect  to  a 
copper-copper  sulfate  reference  electrode  provides 
adequate  protection  (figure  \~l.  I able  Ad  shows 
mils  per  year  loss  at  various  field  installations  for 
comparison.  Figure  Ah  indicates  that  an  error  ot 
only  50  m\  will  result  in  an  increased  corrosion  rate. 

A. 7. 4. 2 I'he  tesls  also  indicate  that  the  position  of 
the  reference  electrode  on  miter  gates  and  related 
structures  where  impressed-eurrent  anodes  are 
attached  is  important.  It  is  apparent  from  the  field 
distribution  curve  (figure  A8)  that  d a reference 
electrode  1 ■>  in.  (<>.4  mm)  from  the  structure  reads 
— 0.85.  the  structure  is  being  underprotected.  For  a 
protection  corresponding  to  -0.85  \ with  respect  to 
;t  copper-copper  sulfate  reference  electrode,  the 
external  power  supply  should  be  adjusted  so  that  the 
potential  reading  is  larger  ( - 0.K"’~  lor  this  example). 

A. 7.4. 3 These  results  very  clearly  emphasize  that 
structures  must  be  maintained  at  least  at  —0.850  V 
with  respect  to  a copper-copper  sulfate  reference 
electrode  and  that  tile  location  and  voltage  reading 
of  the  reference  electrode  are  verv  important 
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T>  pe  of 
Water 

Table  A * 

Corrosion  Kales  of  Mild  Steel  Immersed  In  Natural 
Test  Duration, 

Test  Site  sears 

W a tern 

Average  General 
Penetration 
mil/yr  (/rni/yr) 

Freshwater 

Plymouth  freshwater 

reservoir 

15 

1.7 

(43 

River  Water 

La  Cadene  Granite 

bed.  very  pure  water 

5 

2.7 

(08 

Dole 

high  ealcareous  water 

5 

0.4 

<1 

Seawater 

Halifax.  Nova  Scotia 

15 

4.3 

(109 

Plymouth 

15 

2.b 

(00 

New  York  Harbor 

0.68 

2.37 

(60 

Miami.  Florida 

0.39 

6.30 

(160 

Haifa.  Israel 

0.25 

6.78 

(172 

DISTANCE  OF  PR08E  FROM  PLATE  (INCH) 


Figure  A8.  V ariation  of  potential  with  increasing  distance  from  protected  cathode.  This  figure  shows  the 
voltage  drop  in  an  impressed-current  system.  SI  conversion  factor:  1 in.  = 25.4  mm. 
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APPENDIX  B. 

ELECTRIC  FIELD  ANALYSIS 

B.1  Principles  of  Field  Mapping 

B.1.1  I he  essential  element  ol  cathodic  protection 
is  the  external  current  source  which  opposes  the 
corrosion  potential  of  the  metal  to  be  protected  t n 
every  i min!  of  the  exposed  surface.  This  potential 
must  he  maintained  over  changes  in  structural  ge- 
ometry Id  implement  this,  a design  approach  based 
on  the  continuum  aspects  of  electric  field  analysis 
was  investigated.  This  approach  provides  a practical 
overview  which  uses  some  versatile  techniques  such 
as  curvilinear-square  field  mapping  and  superposi- 
tion sy  nthesis 

B.1. 2 A field  is  defined  as  a region  ol  space  which 
possesses  at  each  point  some  definite  physical  quan- 
tity that  is  a continuous  function  of  the  space  coordi- 
nates For  example,  the  region  in  the  vicinity  ot  two 
surfaces  w hich  are  maintained  at  a constant  temper 
attire  difference  may  he  thought  ot  as  a temperature 
field,  since  each  point  possesses  a scalar  quantitv 
temperature-  and  a vector  quantity — temperature 
gradient.  A map  of  this  field  would  indicate  various 
isotherms  and  heat  flow  lines  Similarlv.  maps  ol 
electric  fields  consist  ol  lines  ot  equal  potential 
called  equipotenlial  lines,  and  llttx  lines  connecting 
points  on  a current  source,  such  as  mi  anode,  to  a 
sink. " w hich  would  he  the  protected  metal  surface. 
Figure  B!  shows  the  interrelationships  of  the  various 
field  lines  and  associated  geometrv. 


B.1. 3 in  practical  structures  using  cathodic  protec- 
tion. the  electric  potential  fields  encountered  have  a 
three-dimensional  variation:  that  is.  space  variations 
occur  along  the  x.  \.  and  / coordinate  axes,  and  a 
strict  I s accurate  quantitative  analysis  involves  evalu- 
ation ol  the  gradients  in  all  three  directions.  I vccpt 
for  verv  simple  geometrical  configurations,  these 
evaluations  cannot  he  carried  out  analytically.  For- 
tunately. main  of  the  fields  encountered  in  practice 
can  he  reduced  to  two-dimensional  fields,  at  least  as 
a first  approximation;  it  is  in  analyzing  these  fields 
that  the  curv  ilinear-square  method  of  field  mapping 
is  most  useful.  Although  this  method  is  approxi- 
mate. it  will  prevent  gross  errors  in  many  areas  of 
practical  importance  in  cathodic  protection  design. 

I he  curvilinear-square  method  may  be  used  to  ad- 
vantage for  instance,  in  accounting  for  the  effect  of 
electric  field  fringing  due  to  interference  of  sur- 
rounding metallic  elements. 

B.1. 4 In  mapping  a two-dimensional  field,  the 
essential  problem  is  that  of  tilling  the  region  sur- 
rounding two  specified  boundary  geometries  with 
curvilinear  squares  so  that  the  connecting  volume 
between  these  boundaries  may  be  envisioned  as 
being  completely  tilled  with  “unit  squares." 

B.1. 5 The  first  requirement  in  laying  out  curvi- 
linear squares  is  that  the  mean  or  average  ‘a-  dimen- 
sion of  a square  equal  the  mean  or  average  T dimen- 
sion (Figures  B I and  B2). 

B.1. 6 The  second  requirement  is  that  the  intensity 
ot  flux  lines  be  drawn  normal  to  the  equipotenlial 
lines.  The  latter  are.  hv  definition,  cross  sections  of 
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Figure  Bl.  C ross-seetional  view  ot  electrically  charged,  indefinitely  extended  metal  plates  show  ing  relationship 
ol  equipotenlial  and  llttx  lines  used  in  curvilinear  square  field  mapping. 
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Figure  B2.  C unilinear  square  field  plotting:  construction  and  subdivision. 


surfaces  which  possess  zero  space  rale  of  change  of 
potential;  i.e..  the  voltage  change  directed  along  an 
equipotential  line  must  be  equal  to  zero  (dH  dl  = 
0).  Third,  all  conducting  surfaces  are  equipotential 
surfaces;  it  is  a fundamental  principle  of  electricity 
that  free  charges  cannot  exist  on  a conductor:  hence, 
no  potential  difference  can  exist  over  a conductive 
surface,  which  is  flic  essential  criterion  for  an  cqui 
potential  surface  or  line.  This  conveniently  estab- 
lishes an  equipotential  geometrv  front  which  a map 
can  be  constructed — for  example,  the  conductive 
corner  boundary  of  Figure  B2. 

B.1.7  Figure  112  summarizes  these  principles 
graphically.  Figure  B2  shows: 

a.  Region  A.  the  Held  emanating  from  the  source. 
I he  initial  field  shape  conforms  to  the  surface  of  the 
source — in  this  case  a button  anode. 


b.  Region  B.  the  area  at  some  distance  from  the 
source  and  remote  front  conductive  surfaces  where 
the  field  becomes  uniform  and  planar;  Figure  Bl 
illustrates  a field  of  this  tvpe. 

c.  Region  C.  the  area  in  the  vicinity  of  conductors 
or  other  sources  where  the  field  is  distorted  and  be- 
comes nonuniform.  At  a conductor,  the  field  as- 
sumes the  shape  of  the  boundary,  while  in  the  prox- 
imity of  other  sources,  the  field  lines  result  from  the 
superposition  of  the  individual  source  fields. 

B.2  Laboratory  Electric  Field  Mapping 

B.2.1  I urge  electrolyte  tanks  were  constructed  for 
performing  laboratory  electric  field  mapping  of 
structural  models.  Three  button  anodes  and  a plane 
cathode  sheet  were  placed  in  the  5 ft  long  x 10  ft 
wide  x 4 ft  deep  (1.5  m x 2.0  m x 1.2  ml  clectro- 
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Figure  B3.  Typical  electrolyte  tank  for  model 
studies.  The  center  anode  is  the  coordinate  system 
origin  point  for  field  plots  made  in  this  tank.  SI 
conversion  factor:  1 ft.  = 0.3048  m. 

lyte  tanks,  as  shown  in  Figure  B3.  A suitable  half- 
cell (copper-copper  sulfate  or  silver-silver  chloride) 
was  mounted  on  a microphone  boom  and  moved  to 
follow  a particular  equipotential  line;  sufficient 
coordinate  points  were  noted  to  construct  the  field 
plots.  The  anodes  were  energized  and  the  electric 
field  plots  were  made.  Figure  B4  shows  a field  plot 
being  made  in  one  of  the  electrolyte  tanks. 

B.2.2  Figures  B5  through  B8  show  the  electric  field 
plots  of  fields  resulting  from  energizing  one  or  more 
of  the  anodes.  In  each  case,  the  anode  to  cathode 
potential  was  adjusted  to  give  a protective  value  of 
— 0.850  V (with  respect  to  a copper-copper  sulfate 
reference  electrode)  at  the  cathode  sheet.  Figure  B5 
is  a plot  of  the  center  electrode  energized.  This  plot 
shows  the  constant  voltage  contours  as  indicated. 
Figure  Bb  shows  the  field  resulting  from  energizing 
the  left  and  right  anodes,  and  Figure  B7  shows  the 
field  for  all  three  anodes  energized.  For  comparison. 


T 


Figure  B4.  Field  mapping  in  electrolyte  tank. 

Figure  B8  shows  a field  plot  of  an  anode  having 
approximately  twice  the  surface  area  of  that  used  in 
obtaining  the  plot  in  Figure  B5. 

B.2.3  These  plots  were  made  with  no  conducting 
materials  in  the  electrolyte.  The  only  interfering  con- 
ductors were  the  metal  walls  of  the  electrolyte  tank: 
this  effect  is  observed  by  the  deviation  of  the  contour 
of  the  1-V  equipotential  line.  Figures  B4  through 
B1 1 are  field  plots  of  a single  anode  energized  in  the 
electrolyte  tank  with  a 1.5  sq  ft  (0.14  nrO  metal  speci- 
men intervening  between  the  anode  and  cathode 
sheet. 

B.2.4  Figure  BO  shows  the  effect  oi  fringing  or 
shadow  ing  associated  w ith  a plate  of  this  size  at  right 
angles  to  the  electric  flux  lines  from  the  anode  to  the 
cathode  sheet.  Figure  B10  show  s the  distortion  of  the 
field  when  the  interfering  specimen  is  oriented  45 


Figure  B5.  Electric  field  plot:  single  button  anode  energized.  SI  conversion  factor:  I in.  = 25.4  mm 
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Figure  B6.  Electric  field  plot:  two  bottom  anodes  energized.  SI  conversion  factor:  1 in.  - 25.4  mm 


Figure  B7.  Electric  field  plot:  three  anodes  energized.  SI  conversion  factor:  1 in.  = 25.4  mm. 
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Figure  B1 1 . Shadowing:  anode  at  90  degrees. 


degrees  to  the  flux  lines.  Figure  Bll  is  the  field 
obtained  when  the  interfering  element  is  oriented 
parallel  to  the  electric  flux  lines. 

B.2.5  These  field  plots  show  that  the  relatively 
small  interfering  conductive  object  caused  severe 
distortion  of  the  field;  thus,  even  w ith  a large  surface 
area,  such  as  the  skin  side  of  a miter  gate,  cathodic 
protection  is  affected  drastically  bv  the  placement  of 
an  extraneous  conductor  whose  area  is  only  5 to  10 
percent  of  the  gate  area. 

B.2.6  The  effect  of  this  "shadow  ing"  can  be  readily 
seen  in  Figures  BI2  and  BIT  Figure  BI2  shows  two 
plates  in  an  electrolyte  tank  that  had  been  exposed 
to  a mildly  corrosive  electrolyte  for  a period  of  2 
weeks.  The  plate  on  the  left  had  cathodic  protection 
at  the  recommended  level  of  —0.850  V with  respect 
to  a copper-copper  sulfate  reference  electrode,  w hile 
the  plate  on  the  right  was  maintained  at  —0.750  V 
with  respect  to  a copper-copper  sulfate  reference 
electrode;  the  severe  corrosion  resulting  from  under- 
protection of  the  right  plate  is  obvious.  Figure  Bid 
shows  the  back  of  these  two  plates.  In  this  case,  the 
plate  whose  surface  was  at  the  correct  or  recom- 
mended potential  appears  to  the  right  while  the 
corroded  plate  is  on  the  left.  This  photo  shows  an 


equal  amount  of  corrosion  on  both  plates  due  to 
the  decreased  protection  level  caused  by  the  field 
"shadow." 

B.2.7  Figures  BI4  through  BI8  are  plots  of  current 
resulting  from  various  voltages  impressed  between 
one  or  more  anodes  and  the  cathode  sheet  in  fresh- 
water for  the  geometry  shown  in  Figure  Bl.  These 
tests  gave  the  effective  anode  resistance  for  the  par- 
ticular configuration.  The  resistance  was  determined 
by  the  voltage-current  relation  in  Ohm's  law : 

K=-t  [EqBl] 

where  E = voltage  change 

I = change  in  current  flow  resulting  from 
the  voltage  change. 

Figure  BI4  shows  the  resulting  resistance  for  the 
center  anode  alone,  which  is  92. b ohms.  Figure  BI5 
shows  the  resistance  obtained  from  the  left  and  right 
anodes  connected  together — 44.2  ohms.  Figure  Bib 
shows  the  resistance  tor  all  three  anodes  connected 
together,  which  results  in  a resistance  of  2“.b  ohms. 
These  tests  show  the  effect  of  paralleling  anodes  and 
the  resultant  decrease  in  resistance.  To  further  illus- 
trate this  effect.  Figure  Bl'  shows  the  resultant  cur- 
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Figure  B12.  Comparison  of  corrosion  rates. 


Figure  B13.  Rear  surfaces  of  plates  shown  in  Figure  Bl2 


resolved  In  using  cun  ilinear  square  mapping  for  the 
two  situations  I!  one  large  anode  is  energi/ed.  the 
resulting  field  is  shown  in  Figure  BIS. 


rent  versus  voltage  curve  for  the  right  and  center 
anodes  connected  together;  this  is  similar  to  the  con- 
dition given  by  Figure  B3.  except  that  the  two  anodes 
in  Figure  B3  were  separated  bv  3 ft  (0.9  m).  while  the 
anodes  used  to  obtain  Figure  Bl  7 were  separated  In 
ti  ft  (l.H  ml.  Although  it  would  seem  that  the  resist 
a nee  should  be  lower  for  the  two  anodes  in  closer 
proximity,  the  opposite  effect  was  measured,  as  the 
resistance  increased  to  5ft  ohms.  This  paradox  is 


B.2.8  Figures  BIO  through  B23  show  the  resistance 
of  the  anode  configurations  used  in  Figures  BI4 
through  B1K  in  simulated  brackish  water  (3  percent 
salinity).  I he  comparative  resistances  are  sum- 
marized m I able  Bl 
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Figure  B14.  Anode  resistance:  one  anode. 
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Figure  B 15.  Anode  resistance:  'wit  anodes  far  apart. 
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Figure  B16.  Anode  resistance:  three  anodes. 


Figure  B17.  Anode  resistance:  two  anodes  close  together. 
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Figure  B19.  Anode  resistance  measurements:  3 percent  salt  water  (resistivity  21.6  ohm/em).  one  small  anode. 
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Table  B I 

Comparative  Resistances 


r 


Configuration 

One  anode — small  diameter 
Two  anodes  Tar  apart 
I hree  anodes 

I wo  anodes — close  together 
One  anode — large 


| 

Resistance  (ohms) 

Freshwater  Salt  Water 
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0.-55 

44.2 

turn 

2‘\5 

.500 
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APPENDIX  C: 


POLARIZATION  BY  CATHODIC 
PROTECTION 

C.1  Process  of  Polarization  by  Cathodic 
Protection 

C.1.1  General.  II  an  iron  or  steel  surface  is  im- 
mersed m water,  numerous  local-action  cells  start 
producing  current,  as  shown  in  Figure  ( I.  The  lig- 
ure  also  pictures  the  Mow  ot  local-action  direct  cur- 
rent between  individual  cells.  For  purposes  of  illus- 
tration, Figure  ( I exaggerates  the  si/e  ol  the  local- 
action  cells  I he  fact  that  anode  and  cathode  surface 
areas  are  show  n to  be  approximately  equal  is  also  a 
simplification,  since  cathodic  sites  dominate  in  a 
natural-water  exposure.  The  polarization  curve  in 
Figure  (.  2 depicts  this  corrosion  process,  including 
the  reversible  anode  and  cathode  potentials  (o„  and 
p,  i and  the  corrosion  potential  or  intersection  of  the 
anodic  and  cathodic  polarization  curves  Cor- 

rosion engineers  often  monitor  corrosion  potential 
because  (1)  it  can  be  measured  with  relative  ease, 
and  ( 2 » it  relates  the  degree  ot  corrosion  that  a par- 
ticular metal  experiences  to  changes  in  potential.  It 
is  assumed  that  the  corrosion  circuit  exhibits  insig- 
nificant electrical  resistance.  When  this  is  not  the 
ease,  the  potentials  ot  anodic  and  cathodic  sides  arc 
not  the  same,  and  analysis  is  more  complex. 

C.1. 2 ( ircuii  H nh  Insignificant  Resistance 

C.1. 2.1  flic  effectiveness  ot  an  impressed-eurrent 
cathodic  protection  system  installed  to  protect  a 
submerged  steel  member  depends  on  the  steel’s 
electrochemical  or  corrosion  characteristics.  Figure 
( 1 shows  the  polarization  curve  from  Figure  C'2 
along  with  additional  features  necessary  to  explain 
cathodic  protection  in  the  case  of  insignificant  elec- 
trical resistance  The  steel  structure  effectively  serves 
as  the  cathode  in  a galvanic  couple,  so  its  potential 
varies  relative  to  its  freely  corroding  potential  (©,  .). 
I hux  the  steel,  w hich  has  no  cathodic  protection,  is 
polarized  in  the  cathodic  direction.  As  a result,  the 
net  cathodic  current  across  the  steel-water  interface 
(from  both  local  action  cells  and  the  impressed- 
eurrent  system)  increases,  and  net  anodic  current 
decreases.  Since  corrosion  occurs  at  sites  of  anodic 
current  flow,  the  corrosion  rale  also  decreases. 

C.1. 2.2  Figure  ( .1  shows  how  these  current  changes 


grow  more  pronounced  as  the  steel  potential  be- 
comes increasingly  negative.  At  potential  o'  (where 
0 is  less  than  0 ,.).  the  total  or  net  cathodic  current 
at  the  steel  is  i,'  and  the  net  anodic  current  is  i„'.  I ike- 
wise.  for  p'  Ip’  ' is  less  than  o'  which  is  less  than 
©,,„,)  these  values  are  i,' ' and  i„'  . respectively,  be- 
cause all  areas  of  the  steel  surf  ace  must  necessarily 
reach  the  same  potential  as  long  as  the  circuit  resist- 
ance is  insignificant.  The  fact  that  the  net  anode 
current  is  now  less  than  the  net  cathode  current  does 
not  violate  this  rule,  since  applied  current  from  the 
impressed-eurrent  system  (I.  ) must  also  be  con- 

sidered. These  various  current  components  satisfy 
the  relationship 

l + i„  [FqC’l  | 

The  magnitude  of  applied  current  increases  with  the 
amount  of  polarization  from  the  corrosion  potential 
( p);  i.e..  ljj.pi  is  greater  than 

C.1. 2. 3 As  cathodic  protection  polarizes  the  steel 
to  increasingly  negative  values,  the  net  anodic  cur- 
rent and  associated  corrosion  decrease.  Ideally,  cor- 
rosion should  stop  altogether  when  the  steel  poten- 
tial equals  the  reversible  anode  potential  (0,1.  since 
no  net  current  is  entering  the  electrolyte  front  the 
structure  at  this  point.  For  the  ease  of  iron  or  steel  in 
natural  waters  or  soils,  corrosion  generally  stops  at  a 
potential  of  —.85  V with  respect  to  a copper-copper 
sulfate  reference  electrode. 

C.1. 3 Circuit  With  Significant  Resistance 

C.1. 3.1  (iiven  a finite,  significant  electrical  resist 
ance  in  the  corrosion  cell,  the  total  cell  resistance 
consists  of  an  anodic  component  (r„>  and  a cathodic 
component  (r. ).  Component  r..  represents  resistance 
to  current  flow  within  the  anodic  portion  of  the  cir- 
cuit. and  r,  represents  resistance  within  the  cathodic 
portion.  Father  resistance  component  may  result 
from  electrolyte  resistance,  lilnis  at  the  electrode 
surface,  or  both.  For  the  present  discussion,  how- 
ever. resistance  through  the  metal  itself  is  assumed 
to  be  unimportant. 

C.1. 3. 2 I igure  C4  shows  polarization  curves  lor  a 
circuit  with  significant  electrical  resistance.  Figure 
C4  is  very  similar  to  Figure  C2.  where  zero  cell  resist- 
ance was  specified.  The  anodic  and  cathodic  curves 
are  identical  to  those  in  Figure  C2.  except  the  two  do 
not  intersect,  and  the  anode  and  cathode  exhibit 
distinct  potentials  (p  and  p ).  I he  potential  differ 
cnee  between  p.  and  p constitutes  a voltage  drop 


k 
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Figure  C4.  Polarization  curves  for  a corrosion  circuit  with  significant  electrical  resistance. 


(IK).  Since  r„  and  r, . the  two  resistance  components, 
arc  in  scries,  the  IK  term  equals  I.  ...  which  is  the 
sum  of  r , and  r, . A corrosion  cell  with  significant 
internal  resistance  will  exhibit  a lower  value  of  !,,,. 
and.  correspondingly,  a reduced  corrosion  rate,  than 
one  in  which  resistance  approaches  zero  (Figure  C2). 
A fundamental  law  of  electricity  states  that  the  sum 
ol  all  voltage  drops  about  a circuit  must  be  zero,  so 

o.  — 0,  - I • r„  — I,  • r.  = 0 |Eq  C2] 

C.1.3.3  Thus,  a reference  electrode  connected 
through  a high-resistance  voltmeter  to  the  corrosion 
cell  and  placed  in  the  electrolyte  near  the  cell  will  be 
affected  not  only  by  the  true  or  actual  anode  and 
cathode  potentials  (0,  and  <i>. ).  but  also  by  the  volt- 
age drop  in  the  electrolyte.  A sufficiently  small  refer- 
ence electrode  placed  directly  at  the  anode  or  cath- 
ode surfaces  would  allow  the  voltmeter  to  measure 
0„  and  0,  exactly,  without  electrolyte  voltage  drop. 
At  anv  other  position  within  the  current-carrying 
portion  of  the  electrolyte,  the  observed  voltage  would 
be  a function  of  both  the  anode  and  cathode  poten- 
tials and  the  electrolyte  voltage  drop  associated  with 
I 

C.1.3.4  Figure  ( 5.  which  pictures  a corrosion  cell 
consisting  of  an  anode  and  a cathode,  illustrates  the 
term  "current  carrying  portion."  The  dashed  line 


encircling  the  anode  and  cathode  depicts  that 
volume  of  electrolyte  within  which  I.  .,  flows.  The 
voltage  drop  occurs  only  within  this  region.  With  the 
reference  electrode  positioned  anywhere  along  a 
planar  surface  in  the  electrolyte  exactly  separating 
anode  resistance  and  cathode  resistance  (r„  and  r. ). 
the  measured  potential  is  constant  and  equal  to 
0 — ( I,„„  • r, ) or  0„  + ( I,  ,,  • r„).  With  the  reference 
electrode  at  any  point  outside  the  dashed  line,  the 
same  potential  is  recorded  (o.  — [l,„„  • r. ) = o„  + 

II.....  * r„|). 

C.1.3.5  Ideally,  the  local-cell  "boundary"  can  be 
determined  by  placing  the  reference  electrode  very 
close  to  the  corrosion  cell  and  then  moving  it  out- 
ward along  any  path  other  than  one  within  the  plane 
that  divides  r„  and  r. . As  the  reference  cell  moves,  the 
point  at  which  the  voltmeter  indicates  a constant 
potential  value  defines  a point  of  the  local-cell 
boundary.  If  the  corrosion  cell  consists  of  dissimilar 
metals  immersed  in  water  <e.g..  a small  steel  plate 
with  a large  copper  rivet  in  the  center),  this  tech- 
nique can  determine  the  cell  boundary.  The  ob- 
served potential  at  any  location  beyond  the  cell 
boundary  or  within  the  plane  partitioning  r„  and 
r,  is  the  corrosion  potential  (0  .,).  Expressed  mathe- 
matically. 

0 ....  = 0.  + ( I, ....  • r , ) = 0 - ( I. ....  • r, ) 1 1 q ( M 


ANODE  CATHODE 

Figure  C5.  Typical  corrosion  cell  with  electrolyte  boundary. 


It.  tor  example.  0,  equals  — .75  V and  0.  equals 
— .60  V (with  respect  to  a copper-copper  sulfate 

reference  electrode),  and  r.  equals  2r„,  then  1 • r, 

is  equal  to  21 • r„.  and  0„„  is  —.65  V.  In  general. 

the  value  ('t  o ,,  will  be  other  than  that  obtained  by 
simple  extrapolating  the  anodic  and  cathodic  polar- 
ization curves  to  intersection,  as  is  appropriate  w hen 
no  voltage  drop  is  apparent.  The  term  "corrosion 
potential”  applies  only  it  the  reference  cell  is  located 

so  that  the  measured  potential  is  o„  + (I • r„)  = 

O.  - (I • r ).  With  the  reference  electrode  at  an 

alternate  location,  the  measured  potential  differs 
from  0„„. 

C. 1.3.6  There  is  a relationship,  however,  for  any 
point  inside  the  cell  boundary.  For  example,  in 
Figure  C5.  the  potential  at  point  P (0,,)  is 

0,.  = <t>a  + (for,  • r.)  = <t>.  — (I,„rr  • r,)  [F.q  C4] 

w here  l,„„  • r,  = the  voltage  drop  in  the  electrolyte 
between  point  P and  the  anode 

f„„  • i,  = the  corresponding  voltage  drop  to 
the  cathode. 

C. 1.3.7  Eqs  C.l  and  C4  apply  only  when  the  resist- 
ance of  the  external  portion  of  the  cell  circuit  is  in- 
significant compared  to  the  internal  electrcxle  resist- 


C.2  Effects  of  External  Cathodic  Current 

C.2.1  In  the  discussion  of  corrosion  cells  of  negligi- 
ble electrolytic  and  metallic  circuit  resistance,  an 
important  assumption  is  that  external  current  enters 
the  structure  to  be  protected  at  the  cathodic  sites  of 
the  local-action  cells.  If  the  current  delivered  via  the 
external  anode  (Figure  5 of  the  main  body  of  the 
report)  is  initially  zero  and  then  increases  incre- 
mentally. the  cathodic  microelcctrodes  on  the  steel 
surface  are  polarized  to  progressively  more  negative 
values.  The  polarization  curve  in  Figure  6 depicts 
this  situation.  Since  there  can  be  no  potential  or  volt- 
age difference  from  one  part  of  the  metal  surface  to 
another  for  a zero-resistance  corrosion  cell,  the 
amxle  and  cathode  potentials  are  necessarily  the 
same  (i.e.,  <j>.  equals  0).  Although  a zero-resistance 
electrical  or  electrochemical  circuit  cannot  actually 
exist,  most  metals  in  high  conductivity  media  (e.g.. 
steel  in  seawater)  approach  this  situation.  Increasing 
cathodic  currents  polarizes  cathodic  sites  to  a more 
negative  potential,  but  altering  amxle  potential  to 
this  same  value  reduces  anodic  current.  According 
to  Faraday’s  law,  a reduction  in  anodic  current  re- 
sults in  a proportionately  smaller  loss  of  metal 
weight  and  a reduction  in  corrosion  rate.  Figure  CM 
demonstrates  this  relationship.  Corrosion  stops  alto- 
gether when  the  structure  is  polarized  to  the  open 
circuit  amxle  potential  (0,).  The  potential  condition 
corresponding  to  this  state  is 


a nee. 


0„  = a = 0 = O,,' 


|Hi|  C5| 


voltage  drop.  Expressed  mathematically 


C.2.2  In  iclls  with  high-resistance  electrolytes  ( c. t>. . 
freshwaters  and  manv  soils),  local-action  cells  may 
be  under  resistance  control.  In  such  a cell  the  voltage 
drop  can  limit  polarization  of  anodic  and  cathodic 
sites,  so  that  ©,,  and  ©,  are  decidedly  different,  as 
shown  in  Figure  C'4;  thus,  the  magnitudes  of  l,,„,  • r„ 
and  1.  „ • r,  become  highly  significant.  With  in- 
creasing increments  of  external  cathodic  protection 
current  supplied  to  a cell  of  significant  electrolytic 
resistance,  the  general  mechanism  of  establishing 
protection  is  quite  similar  to  that  for  a cell  of  zero 
resistance.  A negative  shift  in  ©,  causes  depolariza- 
tion of  microanodes  of  the  corrosion  cell  toward  their 
open-circuit  potential  to,,),  and  the  structure  poten- 
tial becomes  more  negative. 

C.2.3  Although  the  true  potential  of  the  local  cath- 
ode (measured  at  the  electrode-electrolyte  interface 
to  avoid  voltage  drop)  does  change  in  the  anodic 
direction,  it  does  not  reach  the  open-circuit  potential 
of  the  local  anode  (03  because  a potential  difference 
necessarily  must  exist  between  0„  anti  0,.  The  true 
cathode  potential  can  reach  OJ'onlv  under  conditions 
of  excessive  cathodic  protection,  w here  o„  is  (ess  than 
0„.  As  local  anodes  polarize  to  0„°.  the  potentials  of 
local  cathodes  will  be  more  positive  by  an  amount 
equal  to  I,,  • r, . where  I,  is  the  total  external  current 
from  the  cathodic- protection  system.  When  ©„ 
equals  ©,.  no  local-cell  current  Hows  from  micro- 
anodes into  the  electrolyte  and  no  externally  applied 
protective  current  flows  to  the  local  anode  sites,  so 
I . • r„  equals  0.  It  all  external  current  enters  the 
structure  at  cathodic  sites,  there  should  be  no  volt- 
age drop  at  the  original  anodic  locations.  When  the 
structure  surface  reaches  this  state,  corrosion  stops 
and  cathodic  protection  is  complete. 

C.2.4  For  a zero-resistance  cell,  complete  protec- 
tion occurs  when  the  potential  of  local  anodic  sites 
reaches  the  open-circuit  value  (i.e..  ©„  = eft 3.  Since 
the  cathode  and  specimen  potentials  are  the  same  as 

cft„. 

</>„  = <t>,  = <t>'  = tf>„°  |F.qC5| 

C.2.5  F,q  C5  does  not  hold  tor  the  case  of  non-zero 
cells,  since  ©„  is  not  equal  to  ©, . In  this  case  cathodic 
protection  occurs  when  the  structure  potential  (eft-) 
reaches  the  open-circuit  anode  value.  At  the  point  of 
protection  (©„  equals  ©3.  local  anodes  have  no  net 
current  across  their  surface  and  hence  exhibit  no 


©„  = © = * ©.  ( Fq  Cb| 

C.2.6  Because  the  only  voltage  drop  in  the  corro- 
sion cell  now  occurs  at  the  cathode,  this  drop  equals 
1 • r, . so 

©„°  = <t>  = ©.  - \r  • r,  |F.q  C7] 

Eq  C7  is  simply  a variation  of 

Ot,  + (I....  • r„)  = <t>.  — (I • r. ) = ©..„,  |Kq  C3) 

For  a general  eathodically  protected  corrosion  cell, 
©°  is  equal  to  ©„  + ( f„r,  • r„).  since  I.,,,.  • r„  equalsO 
and  ©„  has  depolarized  to  ©. . The  cell  potential  (©' ) 
is  also  identical  u ith  <t>°.  and  ©,°  - lrr,  is  the  same  as 
©.  — • r... 

C.3  Effect  of  the  Degree  of  Polarization 
on  Cathodic  Protection 

C.3.1  The  shape  of  the  cathodic  polarization  curve 
determines  the  current  required  for  cathodic  protec- 
tion. As  Figure  C3  depicts,  the  external  current 
needed  to  maintain  a certain  cathodic  potential  0' 
varies  inversely  with  the  steepness  of  the  cathodic 
polarization  curve.  When  local  anodes  polarize  to 
their  open-circuit  potential  (©„  equals  <ft3.  the  pro- 
tection current  and  cathodic  current  are  the  same 
(i.e..  I,,  equals  i, ) Figure  C6  presents  several  exam- 
ples of  varying  degrees  of  cathodic  polarization. 
Figure  Cba  shows  the  most  pronounced  cathodic 
polarization  and  Figure  Cbc  the  least.  Similarly,  the 
situation  shown  in  Figure  Cba  requires  less  cathodic 
protection  current.  lr,  to  polarize  the  cell  to  its  open 
circuit  potential  than  does  that  shown  in  Cbc.  Gener- 
ally. it  follows  that  the  less  cathodic-protection  cur- 
rent needed,  the  more  pronounced  the  polarization 
at  the  cathode  is. 

C.3. 2 In  most  practical  underground  and  immer- 
sion environments,  corrosion  approaches  being 
under  cathodic  control  (Figure  Cba).  and  the  ratio  of 
1^  1,„„  ranges  from  l.l  to  1.3.  In  other  words,  for 
conditions  of  cathodic-reaction  control,  the  cath- 
odic-protection current  (13  is  very  nearly  the  same  as 
the  corrosion  potential  (f,„,).  On  the  other  hand, 
corrosion  reactions  under  predominantly  anodic 
control  may  require  such  high  values  of  external 
current  to  polarize  to  ©° (Figure  Cbc)  that  cathodic 
protection  becomes  uneconomical. 
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Figure  C7.  Seawater  corrosion  rate  for  steel  as  a function  of  water  velocity. 


C.3.3  The  effect  of  water  velocity  on  the  current 
required  for  cathodic  protection  is  especially  inter- 
esting. Figure  C7  charts  the  seawater  corrosion  rate 
for  steel  as  a function  of  water  velocities  of  0 to  15 
ft/sec  (0  to  4.6  m/sec).  The  results  are  consistent 
with  the  fact  that  oxygen  availability  controls  the 
corrosion  rate  of  iron  and  steel  in  natural  waters  and 
soils.  Water  flow  reduces  the  thickness  of  the  stag- 
nant water  layer  at  the  metal  surface  and  thereby 
supplies  more  oxygen  to  cathodic  sites.  Figure  C6a 
presents  a typical  polarization  curve  for  steel  in 
quiet,  natural  water.  Figure  C8a  shows  how  the  non- 
availability of  oxygen  in  quiet  w aters  appears  as  pro- 
nounced cathodic  polarization.  The  other  parts  of 
Figure  C8  show  the  variation  in  cathodic  polariza- 
tion as  water  flow  increases.  At  a tlow  of  5 ft/sec 
( 1 .5  m sec)  (Figure  C8b),  the  oxygen  supply  to  micro- 
cathodes increases  and  cathodic  polarization  de- 
creases. Figure  C8c  shows  the  situation  at  10  ft/sec 
(3.0  m sec)  and  Figure  C8d  that  at  15  ft/sec  (4.6 
m sec).  Figure  C8  also  illustrates  the  impressed 
cathodic  current  necessary  to  polarize  each  corrosion 
cell  to  its  open-circuit  anode  potential.  Since  the 
horizontal  current  axis  in  potential-current  plots  is 
generally  a log  scale,  the  current  requirements  for 


cathodic  protection  increase  quite  markedly  with 
water  velocity. 

C.4  Cathodic  Protection  of  Passive  Metals 

C.4.1  The  inherent  corrosion  resistance  of  certain 
engineering  metals  and  alloys  is  due  to  a protective 
film  that  forms  on  their  surfaces,  effectively  isolating 
the  metal  from  the  environment.  Important  exam- 
ples of  such  metals  include  aluminum,  nickel,  tita- 
nium, chromium,  and  many  of  their  alloys.  Stainless 
steels — iron-chromium  and  iron-chromium-niekel 
alloys — are  also  passive.  Whether  a metal  is  passive 
depends  not  only  on  its  composition,  but  also  on  its 
environment. 

C.4. 2 Cathodic  polarization  to  the  open-circuit 
anode  potential  ( i. e. . to  O'  equals  <20  provides  cath- 
odic protection  for  passive  metals  and  alloys.  The 
primary  function  of  cathodic  protection  systems, 
however,  is  simply  to  insure  that  the  corrosion  poten- 
tial (<2>,„,r)  stays  within  the  passive  region.  Figure  C9, 
which  gives  the  anodic-polarization  curve  for  a pas- 
sive metal,  shows  the  three  distinct  regions:  active, 
passive,  and  transpassive.  For  the  active  and  trans- 
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CURRENT  (c) 
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f igure  C8.  Variation  of  cathodic  polarization  with 
water  velocity.  Velocity  increases  from  (a)  to  <d ). 

passive  cases,  the  corrosion  rate  is  quite  sensitive  to 
potential.  If  corrosion  potential  lies  within  either  of 
these  regions,  the  dissolution  rate  is  normally  high, 
as  illustrated  by  the  cathodic  polarization  curses 
labeled  (a)  and  (t,,).  On  the  other  hand,  curve  (p) 
intersects  the  anodic  curve  in  the  passive  region,  and 
the  corrosion  current  is  relatively  low,  Figure  CIO, 
which  considers  the  curve  in  its  passive  region  in 
detail,  shows  the  external  cathodic  current  needed  to 
achieve  a potential  of  0'  as  I,'.  Because  such  a poten- 
tial is  maintained,  the  corrosion  rate  is  low  (probably 
less  than  I mpv  (25.4  gm/vr)  in  (he  case  of  the  engi- 
neering metals  and  alloys  listed  above.  The  only 
other  way  to  polarize  the  metal  in  Figure  CIO  to  its 
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open-circuit  potential  is  by  applying  current  I," 
which  may  be  orders  of  magnitude  greater  than  cur- 
rent required  in  the  first  method.  Figure  C 1 1 shows 
anodic  polarization  curves  of  4 TO  stainless  steel  as 
examples  of  actual  passivation  behavior.  Note  the 
drastic  shift  in  the  curve  with  a change  of  environ- 
ment. 

C.4.3  Amphoteric  metals  cannot  be  polarized  to 
very  negative  potentials  because  an  alkaline  environ- 
ment attacks  them  irrespective  of  their  electrochemi- 
cal potential.  Such  alkalinity  occurs  at  cathodic 
sites,  and  the  reaction  produces  hydroxyl  (OFF)  ions. 
Consequently,  aluminum,  for  example,  cannot  be 
protected  by  cathodic  polarization  to  its  open-circuit 
anode  potential  (0° of  aluminum  is  about  - 1 ,75  V). 
but  a potential  of  approximately  — l.t  V with  re- 
spect to  a copper-eoppei  sulfate  reference  electrode, 
which  is  within  the  passive  region,  assures  a low 
corrosion  rate. 
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